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Preface 


With  the  rapid  development  and  Intruduetion  of  ikw  technologies  in  modem  aircraft  design  and  structures,  such  as  prwered 
lifting  systems  with  blown  flaps  or  deflected  jets,  supersonic  configurations  with  their  well-known  problematic  thenno- 
acoustical  phenomena,  the  promising  advances  in  the  field  of  nonmetallic  materials  (CFRP.  ceramics),  there  is  a  strong  need 
to  concentrate  on  the  wide  band  of  "nesv  structural  fatigue  problems"  resulting  therefrom  and  to  ascertain  state-of-the-an 
experlise  in  the  fatigue  area 

Meeting  contributions  fiKUs  on  topics  dealing  with  the  acoustic  environment  m  sub-,  su|H;r  and  hyper  sonic  flow  regimes, 
iiinovalise  structural  design  techniques  and  inateiials  allowing  the  layout  of  fatigue  resistant  structures  as  well  as  with 
experimental  and  analytical  tiails  for  evaluation  of  the  behaviour  of  structures  in  an  acoustically  and  thermally  adverse 
environinent. 

All  additional  session  of  the  Mccliiig  is  dedicated  to  topics  related  to  the  field  of  structural  acoustics  Thereby  a  broad  band  ol 
dillercnt  activities  Is  addressed,  e  g  itic  prediction  of  noise  in  closed  compaHments,  the  idenlilicatisin  of  struclural-bomc 
noise  paths  as  well  as  the  acoustic  diagnosis  ot  aircraft  disasters 
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The  AGARD  Structures  and  Materials 
Panel  has  been  concerned  with  activities  in 
acoustic  fatigue  since  I960  and  had  achieved 
a  considerable  success  in  coordinating  and 
encouraging  acoustic  fatigue  research  in  the 
NATO  countries.  By  1968  Panel's  Specialists 
group  on  Design  In  Acoustic  Fatigue 
Identified  six  sublect  areas  in  which 
sufficient  research  results  had  been 
accumulated  of  suitable  kind  to  warrant  their 
immediate  consolidation  and  presentation  in 
design  data  heet  form.  Arising  from  this  a 
project  was  Initiated  under  which 
Engineering  Science  Data  Unit  (ESDU) 
revised  and  extertded  the  existing  data  sheets 
with  the  support  and  collaboration  ot 
AGARD.  The  subjects  chosen  for  this  prtyeci 
were: 

Jet  noise  near  field  prediction; 

-  siress  response  of  flat  stiffened  panels: 

-  stress  response  of  curved  stiffened  panels; 

•  natural  frequencies  of  flat  and  curied 
honeycomb  panels; 

-  stress  response  of  honeycomb  panels. 

■  random  S-N  curves  for  light  alloys. 

The  data  sheets  covertrtg  the  above 
topics  were  issued  in  1973  us  AGARDograph 
162  Port  I  arvl  il  (Ref.  291  and  os  ESDU  Data 
Sheets.  A  sympostum  on  Acoustic  Fatigue 
was  held  during  the  3Sth  SMP  Meeting,  tn 
Toulouse.  Frartce  in  September  1972  (Ref.  30). 

SitKe  that  tune  the  acoustic  alrcrafl 
loads  became  more  severe  and  the  developed 
in  the  sixties  and  seventies  methods  for 
solution  of  acoustic  problems  became  not 
longer  adequate.  Therefore  the  Structures 
and  MsterUUs  Psnels  oigsnUed  the  present 
Specialists  Meeting  on  the  Impact  of  Acoustk 
IxMds  on  AlrcraA  ^ruciurcs.  which  was  held 
on  May  2  ■  4.  1994  Ut  UUeltammer.  Norway. 

DurUgt  the  meeting  25  papers  were 
presented.  In  four  sessions,  covering  the 
general  review  of  the  state-of-lhe  ait. 

Acoustic  Environment.  Materials  and 
Structure  Design  Techniques  aixl  Structural 
Acoustics. 

The  developed  in  the  Iste  sixties  and 
nad  seventies  meihocts  (iW.  28  and  3U  were 
based  on  stmple  niclhodB  for  re^xxuK 
pmdictions.  usi  tg  fundamental  mode 


approximation  for  esttmatlon  of  induced 
stress  and  strain  caused  by  acoustic 
excitation.  These  methods  assuming  linear 
behaviour  and  normal  mode  approach, 
validated  for  simple  aluminium  structures, 
are  stUl  used  extensively.  For  the  present 
state-of-the-art  military  aircraft  and 
particularly  for  the  short  take  off  and 
vertical  landing  (STOVL)  aircraft .  the 
acoustic  Impact  on  the  structure  becomes 
more  severe.  Also  new  materials  are  being 
used  and  therefore  the  data  of  References  28 
and  31  are  not  longer  adequate.  Since  the 
mid  seventies  a  significant  progress  has 
been  made  in  the  evaluation  of  acoustic 
effects,  both  In  America  and  in  Europe 
where  u  large  cooperative  activity  dealing 
with  acoustic  effects  has  been  orgariliccd  in 
a  form  of  collaboration  on  Acoustic  Fatigue 
and  Related  Damage  ToleraiKc  of  Advance 
Composite  and  Metallic  Structures,  called 
ACOUFAT,  has  been  organized.  This 
programme  Is  described  in  Reference  16.  In 
spite  of  the  achieved  progress,  the  present 
Specialists  Meeting  demonstrated,  that  the 
currently  available  methods  still  do  not 
allow  for  accurate  fatigue  life  assessment 
(Ref.  1). 

Although  the  ac'oustic  generated 
stratns/stresses  arc  relaltvcly  small 
comparing  to  stralns/slrcascs  induced  by 
other  aircraft's  loads,  they  are  for  nxrre 
numerous  and  usually  at  high  frequerK7. 

In  consequence,  the  acoustic  fatigue 
cracking  lor  delanunallon)  may  occur  after 
a  very  short  period  of  aircraft  usages. 

To  avoid  fatigue  damage  caused  by 
the  scoustK  loads,  the  design  process 
should  be  able  to  tackle  the  followtitg 
problems: 

'  evaluation  of  acoustic  loads  (acoustic 
environment  I; 

•  estimation  of  structural  response  to 
acoustic  loads; 

■  eoltmatlon  of  the  fatigue  life  under  the 
acoustically  Induced  strains  (stresses). 


During  the  meeting  ten  papers  were 
presented  in  the  sesoton  on  Acoustic 
Environraent  (Hef.  4  -  12  and  34).  The 
ocouotlc  loads  from  engine  and 
aerodynamic  sources  depend  on  aircraft 
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night  conditions.  It  appears  that  the  most 
critical  aerodynamic  acoustic  loads  are  due  to 
now  separation  and  due  to  shock  waves. 

There  are  still  difllcultles  in  accurate 
predictions  of  the  aerodynamic  acoustic  data. 
The  state-of-the-art  numerical  analyses  are 
still  very  costly  and  their  reliability  is 
questionable.  The  results  depend  on  the  used 
turbulence  models,  mathematical  now 
models  and  the  idealisation  of  the  aircraR 
geometry.  During  a  project  development  and 
design  [^ses.  when  the  night  test  data  are 
available,  loads  estimates  are  obtained  based 
on  experimental  procedures,  past  experlerKe 
and  read-across  from  other  aircrafts  with 
similar  mission  and  performances. 

The  wind  tunnel  results,  although 
very  useful,  due  to  a  different  than  in  Right 
turbulence  level,  da  not  predict  correctly  the 
acoustic  loads.  The  PWT  (Progressive  Wave 
Tubes)  also  do  not  represent  correctly  flight 
conditions.  Hence,  almost  Inevitable,  the 
night  measurement  of  acoustic  loads,  are 
required  for  a  verification  of  the  predicted 
acoustic  fatigue  life. 

One  paper  (Ref,  41  was  devoted  to 
Acoustic  Environment  of  weaporrs  bay.  The 
definition  of  the  cavity  types  was  made, 
together  with  the  description  of  the 
phenomenon.  The  predlctiorts  of  acoustic 
loads.  Iheir  frequency  and  amplitude  have 
been  made  both  with  (he  simple  empirica) 
equations  arxl  with  the  complex  numerical 
now  analyses.  Both  active  and  passive 
suppression  cotKepts  have  been  discussed.  It 
appears  that  (he  passive  suppression  systenrs 
are  eflfrclivc  only  over  ihc  small  range  of 
Mach  nunrbets.  Thus  In  the  future,  some  type 
uf  active  control  will  be  tteeded  to  be  adaptive 
mrr  the  entire  speed  range. 

Trarisfer  path  analysts  methods 
presented  in  paper  (241  allowa  to  Investigate 
(he  cutiinbullon  of  Uidtvtdual  sources  and 
source  (ransmlasion  paths.  The  current 
revarch  focuaaea  on  validating  (he  accuracy 
of  this  method  for  (he  aolutton  of  Indurdiial 
problems  and  on  extending  It  to  other 
problems.  The  extensions  of  the  nwthod 
UKlude  (he  use  of  reciprocity  (echiiiques  to 
nKOsurr  vibio  ncoustic  elTccts.  the 
qualincation  of  alr-bome  source 
comnbuilons.  the  transfer  of  structure-bome 
sound  though  connected  substructures  snd 
the  physical  interpretation  of  (he 
iraiuunlssion  path  phenomeita. 

Paper  1 10|  gives  a  review  of 
engineering  prediction  techniques  for  power 
intctrsKy  (rms  nuctuaung  pressure)  and 
power  spectral  density  (P^l  for  attached  and 


separated  Row.  Recent  results  of  the  test  of 
shock  wave/turbulent  boundary  layer 
Interaction  are  included.  A  technique  is 
presented,  based  on  the  Houbolt  spectra 
assumption,  that  appears  to  provide 
engineering  solutions  to  the  design 
resolution  of  complex  Row  problem. 

Paper  (5)  describes  the  general 
philosophy  and  methodology  In  engine 
nacelle  acoustic  design,  particular^  Intake 
and  exhaust  ducts,  necessaiy  to  satisfy  the 
noise  certincatlon  requirements.  A  general 
description  of  conventional  acoustic  liners, 
currently  In  service,  and  being  developed 
Innovative  liners  Is  also  enclosed.  The 
Alenia  developed  software  package 
(ALNOIS)  for  complete  engine  nacelle 
acoustic  design  and  acoustic  panel 
manufacturing  was  presented. 

Aircraft  dynamic  loads  produced  by 
engine  exhaust  plumes  were  examined  (Ref. 
6)  for  a  class  of  coaRguratlon  of  fighters 
and  bombers  in  model  and  full  scale.  The 
presented  results  arc  for  USAF  F- 15  and  B- 
IB  aircraft  and  for  US  F- 18  HARV  (High 
Alpha  Research  Vchicte)  and  ASTOVL 
(Advanced  Short  Take-oft  and  Vertical 
(.andlng)  programs. 

Currently  USAF  F-15  alrerafls  art 
ftytrig  without  external  nozxle  Raps  (Ref 
1 1),  due  to  the  continuous  structural  fatlgVK 
experienced  by  the  flaps  and  the  cost  of 
rcpiaring  (hern.  Although  the  aft  region  of 
the  aircraft  is  known  to  experience  high 
acrotfynamic  loads  due  to  massive  unsteady 
flow  separation,  there  is  the  evidence,  that 
the  severe  acousik  loads  contnbuir  to  the 
observed  structural  damage.  These  acoustic 
loads  are  attiibuted  to  a  phenomenon 
known  os  jet  screech  ■  It  is  essentially  a 
rcsomince  feedback  loop  In  (he  jet 
flowflekt.  that  can  aet  up  between  the  nmudr 
tip  and  the  Jet  shock  cells  It  Is  moat  severe 
for  medium  spaced  (WinJet  aircraft  and  can 
occur  during  subsonic  (l^hl  with  non- 
pcrfectly  expanded  supersonic  Jet.  Screech 
has  been  measured  at  levels  of  160  dB.  high 
enough  to  exceed  (he  fatigue  limit  for 
metslUc  aircraft  stPictures.  Paper  (I  II 
dcsctHies  an  initial  engineering 
worlutallon  tool  to  predict  occurrcrtcc  of 
screech,  ultimately  allowtng  (he  design  of 
cottftgu  rat  ions  which  wUI  not  result  in 
screech. 

Three  papers  gave  the  description  of 
thermoacoustlc  teat  &ilUies  (Ref.  7.  R  snd 
14).  The  American  facUUy  (Ref.  7)  is 
designed  to  opersie  st  tempeniiurca  fitxn 
•290  T  to  3000  *F  at  sound  pressure  levels 
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up  to  180  dB  and  heat  flux  of  1000  Btu  per 
square  foot  per  second.  The  German  facility 
(Ftef.  8)  have  maximum  sound  pressure  level 
of  160  dB  with  surface  temperature  of  1300  °C 
and  heat  flux  of  100  W/sec. 

Paper  (14)  describes  thermo-acrustic 
test  facility  capable  of  171  dB  acoustic 
loading  with  simultaneous  cross  flow. 

stmctiml  RfmwMB 

For  the  former  approach  (Ref.  28. 31) 
the  structure  was  Ideall^  to  determine  the 
fundamental  mode  frequency.  Stress  levels 
were  predicted  at  the  critical  stress  location, 
assuming  uniform  static  pressure  loading  of 
the  panel  aru)  that  the  static  deflected  shape 
and  mode  shape  were  identical.  All  these 
assumptions  contributed  to  the  slgnlflcant 
dilTerence  (by  as  much  as  a  factor  ^  2) 
between  stress  predictions  and  measurements 
(Ref.  32) 

Finite  element  analysis  methods 
enable  more  complex  structures,  with 
detailed  acoustic  loading  characteristics,  to 
be  aruilyxed.  Higher  order  modes.  In  addition 
to  the  fundamental,  can  also  be  irKludcd.  The 
analysts  process  Involves  assessing  the 
frequency  response  of  the  structure  across  the 
relevant  frequency  range  to  derive  the  power 
spectral  densities  of  stress  response  The 
probability  density  function  of  stress  levels 
involved  are  usually  represented  by  a  single 
equivalent  mis  (root  means  square)  level. 

TWO  presented  papers  (Ref.  12  and  141 
discussed  ui  details  finite  element  analysis  of 
the  resporae  of  the  structure  to  acoustic  toads. 
Paper  ( 12)  describes  the  Power  Spectral 
Ucrudty  (PSD)  technique  for  acoustic  fatigue 
evaluation,  llie  sound  pressure  levels  are 
converted  to  acoustic  piisMures  PDS  and 
opplicd  to  a  Anne  element  nxidel 
representation  of  the  substructure.  The 
technique  can  cover  complex  structural 
geometries  and  conirtbution  of  several 
normal  modes. 

The  method  based  on  NASTRAN  (or 
ihe  linear  analysts  and  on  spectally 
developed  code  TAPS  (Thermal  Acoustic 
Response  and  Fatigue  of  Pre^BucUed  aixl 
Pasl  Buckled  Siructurcal  for  nonlinear 
analysis  were  presented  in  paper  (141  TAPS 
conlalna  extensive  nwiertal  data  base 
(mcludlng  coroposUcs)  and  automaied  flight 
profile  fatigue  life  pretUetton. 

The  effects  of  nonUncarKy  on  the 
dynamic  response  of  aireraA  struclurea  to 
acoustic  excaatlon  were  studied  in  paper  (9). 


The  main  objective  of  this  paper  was  to 
develop  a  method  for  prediction  nonlinear 
response  of  simple  structures.  Both 
aluminum  alloy  plates  and  CFRP  plates 
were  studied. 

Acoustic  Fatigue 

Stress  levels  in  nns  form  for 
particular  flight  cases  are  used  together 
with  rms  stress  endurance  data  to  estimate 
fatigue  damage  for  each  case.  These 
damages  art  then  accumulated,  assuming 
Miner's  rule,  according  to  the  mix  and 
duration  of  flight  cases  In  the  life  of  the 
particular  aircraft.  Overall  damage  can 
then  be  used  to  estimate  the  fatigue  life  of 
the  component.  Life  estimates  have  not 
been  psi^culaiiy  accurate  -  there  are 
several  reasons  for  these  discrepancies,  and 
particularly; 

-  the  use  of  rms  levels  In  the  damage 
analysis  (they  do  not  represent 
properly  the  more  complex 
behaviour  of  the  range  of  stresses 
they  are  lepresenllng); 

-  the  presence  of  other  loads  acting 
simultaneously  with  acoustic  toads: 

•  the  limitation  of  enduraiKc  data 
to  simple  geometries. 

SeiwiaMe  TlwMn^ 

Acoustic  fatigue  testing  la  perfomied 
.or  two  reasons: 

•  to  provide  design  acoustic  data  from  test 
coupons: 

•  lo  test  the  complete  structure  or  the 
componrnt  for  design 

ve  rtf  Icat  ion  /  cert  if  ir  al  ton . 

The  design  data  are  usually  obtained 
under  random  loading  but  at  constant  input 
ima  acceleration  levels  using  shaker  tables 
cxctltng  the  abnple  coupon  test  pieces  at 
resonance.  Usually  there  are  tested  plain 
coupons  or  simple  elements  representing 
structure,  skin  fasteners,  lay  up,  changing 
In  sections  or  Joints. 

The  endurance  life  la  usually  taken 
as  the  time  to  when  cracks  or  delamlnation 
are  dm  detected  or  when  the  denadatlon 
In  the  fundamental  frequency  fau  by  s 
specific  amount. 

The  uacfuincaa  of  the  coupon  lesiutg 
ta  aomehow  limited.  Firstly,  tt  ts 
questionable  how  representative  of  real 
structures  are  aimple  coupons  under 
Inertial  loading.  Tlie  correct  mode  shapes 
are  not  represented.  The  poM  of  failure  is 
dlfllcult  to  determine  and  estimating  the 


T-4 


duration  to  that  point  often  requires  the 
somewhat  dubious  practice  of  allowing  a 
time  for  “setting  in”  of  the  coupon  - 
particularly  for  composites. 

Four  f,rers  were  dealing  with 
coupon/maiorlal  testing  (Ref.  13.  14.  15  &  17). 
Paper  (13)  describes  a  comparative  study  of  29 
different  coupons  covering  eight  different 
designs  and  six  dlfterent  materials  tested  by 
excitation  of  30  g^/Hz  on  a  shaker.  It 
concluded  that  although  the  scatter  of  results 
was  very  large,  the  tests  showed  clear 
tendencies.  All  the  new  materials  allow 
lighter  structures  with  higher 
elgenfrequencles.  Most  of  the  damping  values 
found  were  smaller  than  values  given  in 
ESDU.  It  concluded  that  deeper 
investigations  for  the  definition  of  qualified 
failure  or  safety  cnterla  are  necessary, 

Paper  (15)  describes  some  of  the 
problems  of  acoustic  fatigue  of  carbon  fibre 
stnictures  Invesllguttons  obtained  within 
ACOUFAT  program.  Ihe  Itwcstlgatlon  have 
been  canled  out  with  respect  to: 

-  nonllneultttcs  In  the  measurements  for  the 
calibration  of  the  duTereni  transducers; 

•  clTeci  of  residual  strength  f'a"  the  coupotts; 

-  tflects  of  moisture  and  temperature  in  the 
material  due  to  storage  and  testing  in  humid 
environment. 

Ilte  sum  of  these  eliects  lor  otie  tested  coupon 
retpilred  the  reduction  of  the  allowable  strain 
in  the  range  of  high  cycles  by  a  factor  -4 
compared  to  the  value  obtained  ortglnally  at 
room  temperature  with  2%  failure  criteria. 

1‘aper  (17)  describes  the  acoustic 
fatigue  behaviour  of  CLARE  composites.  The 
tnllucnce  of  the  lammate  lay-up  and 
temperature  on  the  acoustic  fatigue  was 
m\TS(lgatrd  from  the  shaker  tests.  Hie  test 
UKludcd  also  stiffened  CLARE  skin  panels 
slmwing  the  tinportance  of  the  secondary 
structure  in  the  acoustic  cnvironnient. 

OMMBrattwJwtliMr 

Unlike  the  ronvenltonal  laligtte 
icsilitg.  the  full  scale  aeousik'  fatigue  testing 
Is  normally  twI  perfonned  Aerodynamic 
and  engine  acoustic  environment  would  need 
to  be  geiwraied  stmultancousiy  by  wind 
tunnel  and  engine  sourres.  or  in  (light 
^xmditlotui.  to  represent  mirraclions.  Instead 
the  acoustic  lest  are  performed  on  relatively 
small  components  or  assemblies  whe'c  the 
locnlbed  acoustic  pressure  Ikid  can  be 
simulated  in  a  mote  practtcsl  maruter  No 
papers  were  presented  on  this  topic. 


fatemil  Aircraft  Wotic 

Paper  (20)  describes  the  applicable 
coiKepts  for  cockpit  noise  verification  In 
military  aircrafts.  A  design- to- noise 
procedure  Is  outlined  and  the  overall 
requirements  for  medical,  mtclltglbility 
and  operational  aspects  are  discussed. 
Guidelines  for  cockpit  noise  control,  to  be 
applied  during  aircraft  design  phase,  are 
given  together  with  the  expected  benefits. 
Advanc^  noise  control  measures  and  noise 
measuring  techniques  are  also  dealt  and 
cockpit  noise  veriftcatton  is  described. 

A  new  reciprocal  technique  for 
study  of  noise  transmission  and  reduction 
in  turboprop  aircraft  is  described  In  paper 
(21).  A  capacitive  scanner  Is  used  to 
measure  the  fuselage  response  due  lo  an 
Internal  noise  source.  The  approach  is 
validated  by  comparing  this  reciprocal 
noise  measurement  with  the  direct 
measurement.  The  fuselage  noise 
transmission  information  is  then 
combined  with  computer  predictions  of  the 
propeller  pressure  field  data  to  predict  the 
Internal  noise. 

Helicopter  tr  nial  noise  (Ref  2) 
conlalns  a  high  on-  .nl  of  discrete  tunes 
which  are  more  annoying  than  a 
broadband  noise  spectrum.  This  is  mainly 
due  to  discrete  frequencies  by  the  main 
iraitstulsslun  system,  and  also  from  other 
components  tike  main  and  tail  rotor, 
engines  and  cooling  fons.  Up  to  rww, 
imtnly  passive  systems  have  been  used  for 
tiiiertor  rtolse  reduction  with  high  weight 
penalties,  particularly  in  the  low  frequency 
rars;e.  The  active  panel  noise  control, 
having  ntechanical  actuators  exciting  the 
cabin  walls  and  active  control  of  gearbox 
struts  with  actuators  in  the  load  path 
between  gearbox  and  fuselage  are 
potmilaliy  useful  techniques  for  reduction 
of  the  internal  noise  to  a  level  of  about  85 
dH  or  even  kiwer.  The  paper  describes 
RHINO  project  (Reduction  of  Helicopter 
Interior  Notae)  of  Commission  of  Europeair 
Communities.  For  conlemponiiy 
compostlc  laminate  structures  of 
heltcopiPis  the  noise  problem  is  more 
severe  than  for  metalitc  structures 


Some  dinicultles  r>f  the  solutlotts  of 
problcnis  of  the  acoustic  load  of  apace 
structures  are  presented  in  paper  (3).  where 
as  sn  example,  the  study  of  the  Hermes 
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Space  shuttle  shingles  is  presented.  The 
qualiflcation  of  shingles  was  based  on 
aeroelastlcity  analyses  and  on  ground  testing 
in  wind  tunnels,  propesslve  wave  tubes  and 
on  shakers.  It  was  demonstrated,  that  none 
of  these  means  can  alone  satisfy  the  needs  of 
structural  dimensioning  and  qualihcatlon. 
Particularly  the  calculation  of  the  turbulent 
flow  is  not  reliable.  The  simulation  of  the 
actual  loads  of  the  structural  parts  in  ground 
testing  is  very  difficult.  A  strategy  for 
aeroacoustlc  dimensioning  and  qualification 
of  structural  space  parts  is  proposal. 

Thermo-acoustic  fatigue  design  of 
hypersonic  vehicles  skin  panels  is  discussed 
in  paper  (18).  Aerothermal  analysis  shows, 
that  implrtgement  of  the  bow  shock  wave  on 
the  vehicle  and  engine  noise  produce  high 
fluctuating  pressures  and  local  heat  (luxes. 
The  iuaxintum  temperatures  will  exceed  1500 
at  the  top  of  the  ascent  trajectory  and 
engine  sound  levels  will  exceed  170  dB  at 
tukcofT.  As  a  result,  loads  due  to  engine 
acoustics  and  shock  intplngement  dominate 
the  design  of  many  transatmospheric  vehicle 
skin  panels.  The  paper  coiUatris  results  of 
NASTRAN  analysis  and  high  temperature 
(980  ”0  shaker  tests  to  establish  high  cycle 
lallgue  allowable  of  nuitertal  coupons  and 
joiiii  subciements  under  rundotn  loading. 

A  nicthod  slniutailng  the  acoustU' 
Vibration  elfects.  in  tenns  of  peak  and  mw 
accelerations  response  of  the  spacecraA 
external  panels  is  piesented  ut  paper  (‘i7)  It 
allows  to  Identify  the  suitable  ^sign 
suluiiotrs.  By  using  modal  approach  in  the 
[re<|ucitcy  domain,  the  structure  has  lo  be 
described  through  a  finite  cWmeni  model  am) 
the  neousne  fictd  through  Oreen's  function 
The  presence  of  air  leads  to  addition  lo  the 
mass  matrix  and  to  the  dampit^g  nwtru  The 
iniiMfer  furtritoii  Is  then  applied  to  the  case  of 
raiKtnm  Inputs,  fur  which  an  analytica) 
expression  is  provided  SonK  numerk'al 
examples  show  the  cflect  of  the  addttionai 
tenns  on  the  speriral  dtslrtbution  arid  oh  (he 
relevant  rms  value. 


I*aper  1231  describes  Advanced 
Siaiislical  Energy  Analysts  •  ASEA.  which 
docs  noi  contain  some  drawbacks  of  the 
known  Siaiisiicat  Energy  Analysis  (SEA)  It 
IS  shown  that  the  errors,  that  sometimes 
occur  when  predk'll>-e  SEA  is  applied  lo 
coniplex  siructunil  assentblles  are  maiitfy 
due  to  not  modelled  power  transport 
mechanism  This  'tunnetting'  mechanism 
ocrura  when  direct  coupling  exisis  between 
two  SEA  sub-systems  that  are  physiratty 


separated  from  each  other  by  other  SEA 
sub-systems.  ASEA  Is  interpreted  as  a 
series  of  mathematical  models,  the  first  of 
which  is  Identical  to  standard  SEA  and 
subsequent  higher  order  models  are 
convergent  to  the  desired  results.  The  real 
structure  will  have  to  be  broken  up  Into  the 
subsystems  available  within  ASEIA, 
possibly  requiring  hundreds  of  subsystems 
similar  like  the  elements  in  finite  element 
methods  codes. 

The  usefulness  of  ASEA  methods 
will  be  determined  by  availability  of  the 
transmission  and  reflection  coefficients. 
ASEIA  method  will  hopefully  guarantee 
accurate  predictions,  but  is  usefulness  may 
be  limited  by  the  magnitude  of 
computations  needed. 

/towattc  Study  at  Atem/t  MtMtffra 

A  spectrogram  diagnosis  method  oi 
examination  of  aircraft  disasters  is 
prcscnlcd  In  paper  (26).  It  is  known,  that 
impulsive  forces  applied  to  an  uircrafi 
fuselage  generate  radial  vibralton  waves.  It 
has  bwn  found,  th.il  these  waves  are 
delected  by  the  cockpit  area  microphone, 
and  that  spectrogram  analysis  of  the 
mlcruphune  recording  ran  provide 
inforaiatlon  on  the  nature,  origin  and 
strength  of  the  sourec.  whether  an 
expluslon  or  a  sudden  decumpressiun 
Results  of  analysis  of  sr  era)  alrcnifl 
crastres  were  presented 


The  appllcaltoii  of  superplastkally 
fumied  and  diffusion  bondetl  crxiiponrius 
in  high  Intensity  noise  rnvironfnems  is 
discussed  In  paper  (191  Two  specimens, 
representing  atixntft  control  surface  and 
an  access  door,  have  been  monufaeiurrd 
and  tested  under  high  imensity  aeou.stic 
excitation.  The  accerw  door  was  also 
subjected  to  an  elevated  temperature  of  150 
'C  These  specimens  were  nranitfactured  as 
multi-cell  box  configurations  by 
superptastic  forming  and  diffusion  botrdlng 
(Si'FDIi)  to  n  similar  structural  weight  as 
existing  atieran  components  produced  by 
aitcmallve  means  ot  construct 'on.  The 
influem  e  of  the  spandrel-shaped  void, 
formed  at  the  aktn/stingcr  tnicrsrctiott  on 
acoustic  fatigur  perfonnance  was 
examined. 


Gcnerml  Dtocaialon  and  Recommemtetloni 


It  appears,  that  much  development 
needs  to  be  done  to  achieve  proficient  acoustic 
fatigue  design  for  the  future.  All  aspects  of  the 
process  have  to  be  improved  and  particularly: 

Development  of  more  efficient  and 
more  accurate  methods  for  prediction 
of  fluctuating  pressure  levels  and 
associated  spectral  content  for  engine 
ainux,  boundary  layer  and  separated 
aerodynamic  fiow. 

Improving  the  methods  for  accurately 
pr^lcting  the  structural  response  to 
acoustic  loads,  covering  more  complex 
structures  and  also  non-lint  ar  effects. 
Investigation  of  the  representation  of 
acoustically  induced  strain/siress 
spectra  (rms)  leading  to  more  accurate 
fatigue  analysts. 

Development  and  Investigation  of 
methods  for  as,sessing  of  the  fatigue 
under  combined  acoustic  and 
manoeuvre  induced  loads. 

Investigate  the  application  of  acoustic 
fatlgue  endurance  date  across  a  wide 
range  of  structural  geometries 
Urvelopment  and  itivestlgutlun  of 
Improved  tiiethods  for  non¬ 
destructive  dunuige  detection  in 
r.even>  aeoustu  environments 
lirvestigute  attd  Improve  the  use  and 
val.dlly  of  accelerated  testing. 
Developiiienl  and  investigation  of 
rules  for  roning  the  atrer^  to 
Identify  areas  for  dei.sited  acotistic 
analyses  (e  g.  regions  wuli  toads 
higher  than  ISOdftI 
Dcvetopntrni  of  teehnitiurs  to 
determine  the  Ihcrmal  acoustic 
respottsc  of  damaged  and  repaired 
Structures. 

Developmeni  of  mechanlstm  for 
absorb'Jig  tncmuil  ocousitc  energy. 
Cuileetton  of  cndunitKe  data  for  trew 
m-dcrials  and  acousttcally  restlicnt 
sandwich  panels 
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1.  SUMMARY 

Acoustic  fatigue  failures  can  be  caused  by 
the  dynamic  response  of  aircraft 
structures  to  unsteady  pressure  loading 
from  aerodynamic  and  engine  acoustic 
sources.  The  life  of  structures  is  often 
difficult  to  assess  accurately  and  may  be 
greatly  affected  by  steady  thermal, 
in-plane  and  out-of-plane  panel  loads. 
Furthermore,  currently  available  methods 
do  not  enable  fatigue  life  assessments  of 
the  substructure  to  be  made,  despite  these 
failures  occurring  regularly  in  service. 

This  paper  discusses  current  problems 
associated  with  structural  acoustic 
fatigue  and  extends  upon  this  to  account 
for  likely  clearance  philosophies  and 
configurations  for  future  aircraft. 

2.  INTRODUCTION 

In  the  late  60' s  to  mid  70' s,  aerospace 
companies  and  research  establishments  were 
involved  in  the  development  of  dynamic 
response  methods  and  generation  of 
endurance  data,  culminating  in  the 
publication  of  the  ESDU  data  sheets(l]  and 
AFFDL  design  guidelZ]. 

A  major  part  of  the  work  was  based  on 
simple  methods  for  response  prediction, 
using  fundamental  mode  approximation,  for 
the  estimation  of  induced  stress  or  strain 
under  the  action  of  random  acoustic 
excitation.  Such  methods  assume  linear 
behaviour  and  a  normal  mode  approach. 

These  methods,  validated  for  simple 
aluminium  alloy  structures,  are  still 
extensively  used  today. 

However,  the  airframe  manufacturer  is 
reciuired  to  meet  ever  more  stringent 
performance  and  mass  targets,  being 
achieved  through  developments  in  optimised 
and  efficient  design  of  structures,  and 


the  introduction  of  new  materials.  There 
is  a  corresponding  need  for  development  in 
acoustic  fatigue  design  methods  eund  data. 
The  need  becomes  particularly  acute  with 
current  STOVL  (short  take  off  and  vertical 
landing)  developments  which  tend  to 
increase  the  severity  of  acoustic  loads. 

Such  is  the  interest  in  this  subject 
across  both  the  military  and  civil 
aerospace  sectors,  that  many  European 
airframe  manufacturers  and  research  bodies 
recently  collaborated  on  the  subject  of 
Acoustic  Fatigue  and  Related  Damage 
Tolerance  of  Advanced  Composite  and 
Metallic  Structures(3] .  However,  despite 
producing  an  immense  amount  of  extremely 
valuable  data,  the  programme  has  probably 
raised  more  questions  than  it  has 
answered . 

This  paper  surveys  acoustic  design 
practice  as  it  is  today,  seeking  to 
identify  current  shortcomings,  and  goes  on 
to  look  forward  towards  the  likely 
requirements  that  will  be  introduced  by 
future  aircraft  projects. 

3.  ACOUSTIC  FATIGUE  -  CURRENT  DESIOi  RULES 

3.1  The  Phenomenon  of  Acoustic  Fatigue 
Engine  efflux,  boundary  layer  and 
separated  aerodynamic  flow  are  all  typical 
sources  of  acoustic  pressure  fields.  Any 
structure  along  the  path  of  this  broad 
frequency  range,  random  load,  environment 
will  respond  by  vibrating.  Although  the 
cycles  of  stress  so  produced  are  small, 
often  much  smaller  than  the  stresses 
induced  by  aircraft  rntmoeuvres,  they  are 
far  more  numerous  and  usually  at  high 
frequency.  In  consequence,  fatigue 
cracking  can  occur  after  a  very  short 
period  of  time. 
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Acoustic  fatigue  damage  may  be  evident  in 
various  forms,  e.g.,  cracking  or 
delamination  of  skin,  stringer,  rib  or 
frame,  or  inter-connecting  cleat  elements. 
Typically,  damage  is  found  at  the  edges  of 
panels,  bays  and  cleats,  emanating  from 
fastener  holes  and  changes  in  section. 

3.2  Basic  Design  Process 

To  avoid  acoustic  fatigue  cracking,  it  is 
clear  that  a  design  process  must  be  able 
to  tackle  the  following  aspects: 

(i)  evaluation  of  the  magnitude  and 
character  of  the  acoustic  environment; 

(ii)  estimation  of  the  structural  response 
to  that  environment; 

(iii)  estimation  of  the  fatigue  life  under 
the  induced  stresses. 

To  support  design  prediction,  suitable 
testing  must  be  carried  out  both  to  derive 
the  design  data  from  which  the  predictions 
are  made  and  to  confirm  the  final  design. 

An  efficient  process  also  requires  rules 
defining  where  complete  and  detailed 
analysis  must  be  undertaken  (e.g.  covering 
critical  structure  in  close  proximity  to 
acoustic  sources)  and  where  it  can  be 
omitted,  i.e.  zoning. 

These  aspects  are  dealt  with  in  more 
detail  below. 

3.3  Acoustic  Environoent 

Acoustic  pressure  levels  from  engine  or 
aerodyncimic  sources  obviously  depend  on 
engine  settings  eind  aircraft  flight 
conditions.  Currently,  where  there  is  no 
appropriate  data  for  future  projects, 
empirical  or  semi-empirical  methodsllj  are 
used  to  estimate  the  levels,  which  are 
accumulated  over  the  range  of  conditions 
needed  to  represent  the  life  of  the 
aircraft. 

These  methods,  although  adequate  for 
simple  situations,  are  increasingly  found 
to  be  insufficiently  accurate  for  modern 
optimised  design  at  high  jet  pressure 
ratios  and  temperature.  In  addition, 
occasionally,  factors  have  to  be  added 
where  uncertainty  exists  as  to  whether 
predicted  levels  are  large  enough  to 
reflect  actual  aircraft  conditions. 


Almost  inevitably,  predictions  have  to  be 
refined  at  a  later  stage  by  flight 
measurements.  The  consequent  risk  of 
demonstrating  the  inadequacy  of  the  design 
at  this  stage  is  obviously  undesirable. 

3.4  Structural  Resptmse 

Once  the  acoustic  environment  has  been 

defined,  the  response  of  the  structure  to 

it  is  currently  evaluated  using  simple 

equations  or  proprietary  finite  element 

codes. 

In  the  former  approach,  e.g.  ESDI)  or 
AFFDL,  the  structure  is  idealised  to 
determine  the  fundamental  mode  frequency; 
this  involves  taking  into  consideration 
the  effective  size  of  the  panel,  edge 
fixity  and  curvature.  Stress  levels  are 
predicted  at  the  critical  stress  location, 
assuming  uniform  static  pressure  loading 
on  the  panel,  with  the  assumption  that  the 
static  deflected  shape  and  the  mode  shape 
are  identical.  It  is  further  assumed  that 
the  pressure  field  is  in-phase  across  the 
panel  and  there  is  little  difference 
between  maximum  response  levels  at  normal 
and  grazing  incidence  to  the  panel  in  the 
fundamental  mode,  and  that  the  damping  is 
small.  Further,  analysis  is  confined  to 
very  simple  idealisations. 

With  all  these  assumptions,  it  is  not 
entirely  unexpected  that  significant 
differences  (by  as  much  as  a  factor  of  2) 
emerge  between  stress  predictions  and  test 
measuremen ts [ 4 ] . 

Finite  element  analysis  methods  enable 
more  complex  structural  features,  with 
detailed  acoustic  loading  characteristics, 
to  be  analysed.  Hi^er  order  modes,  in 
addition  to  the  fundamental,  can  also  be 
determined.  The  process  involves 
assessing  the  frequency  response  of  the 
structure  across  the  relevant  frequency 
range  to  derive  the  power  spectral 
densities  of  stress  response.  The 
probability  density  function  of  stress 
levels  involved  are  usually  represented  by 
a  single  equivalent  rms  (root-mean-square) 
level. 

However,  for  both  the  above  methods,  the 
stress  prediction  assumes  that  the 
response  of  the  structure  is  linear;  from 
tests  performed  on  thin  metallic  and 
composite  panels  at  high  sound  pressure 
levels[3,5],  non-linear  membrane  effects 
are  evident. 
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3.5  Acoustic  fatigue  life  estimation 
Derived  stress  levels  in  rms  form  for 
particular  flight  cases,  are  used  together 
with  rms  stress  enduraince  data[l,2]  to 
estimate  fatigue  damage  for  each  case. 
These  'unit'  damages  are  then  accumulated, 
assuming  Miner's  Rule,  according  to  the 
mix  and  duration  of  the  flight  cases  which 
go  together  to  reflect  the  complete  life 
of  the  aircraft.  Overall  damage  can  then 
be  used  to  estimate  the  fatigue  life  of 
the  component. 

However,  life  estimates  have  not  been 
particularly  accurate  and  factors 
correlating  prediction  with  test  have 
occasionally  been  large.  Of  the  possible 
reasons  for  these  discrepancies,  three 
stand  out  as  being  particularly  important. 
The  first  is  the  use  of  rms  levels  in  the 
dcunage  analysis;  they  cannot  be  expected 
to  reflect  the  more  complex  behaviour  of 
the  range  of  stresses  they  are 
representing.  The  second  concerns  the 
presence  of  other  sources  of  loading 
acting  simultaneously  with  the  acoustic 
loads.  At  present,  there  is  no 
satisfactory  way  of  introducing  these 
effects  into  the  analysis.  Thirdly,  the 
applicability  of  available  endurance 
design  data  to  cover  a  wide  range  of 
geometries  is  questionable. 

3.6  Acoustic  testing 

Acoustic  fatigue  testing  is  performed  for 
two  quite  distinct  reasons.  The  first  is 
to  provide  data,  usually  from  tests  on 
coupons,  from  which  design  curves  can  be 
generated.  The  second  is  to  confirm  the 
design,  by  test  on  a  complete  component  or 
assembly. 

Data  tor  design  curves  are  usually 
obtained,  under  random  loading  but  at  a 
constant  input  rms  acceleration  levels, 
using  shaker  tables  exciting  the  simple 
coupon  test  pieces  at  resonance.  Plain 
coupons  or  simple  elements  representing, 
tor  example,  substructure,  skin, 
fasteners,  lay-up,  changes  in  section  or 
Jointing  compounds  can  be  tested  in  this 
way.  The  endurance  life  is  usually  taken 
as  the  time  to  when  cracks  or 
delaminations  are  first  detected  or  when 
degradation  in  the  fundamental  frequency 
falls  by  a  specified  amount. 


A  number  of  problems  have  been  encountered 
with  shaker  table  testing.  Firstly,  it  is 
questionable  how  representative  of  real 
aircraft  structure  under  acoustic  loading, 
are  the  simple  coupons  tested  under 
inertial  loading.  The  ability  to  induce 
correct  mode  shapes  and  types  of  failure 
is  fairly  limited.  The  point  of  failure 
is  also  very  difficult  to  determine,  and 
estimating  the  duration  to  that  point 
often  requires  'lie  somewhat  dubious 
practice  of  allowing  a  time  for  'settling 
in'  of  the  coupon. 

Qualification  testing  -  proving  the  design 
-  involves  the  use  of  noise  ducts  and 
reverberation  rooms  as  well  as  shaker 
tables,  depending  on  component  size,  the 
characteristics  of  acoustic  pressure  field 
and  magnitude  of  levels  required.  Unlike 
conventional  fatigue  testing,  full  scale 
acoustic  fatigue  testing  is  not  normally 
performed;  it  is  both  impractical  eind 
costly.  Aero-  or  engine-acoustic 
environments  would  need  to  be  generated  by 
wind  tunnel  and  engine  sources,  acting 
simultaneously  to  enable  interactions  to 
be  simulated.  Instead,  testing  is 
performed  on  relatively  small  components 
or  assemblies  where  the  required  localised 
acoustic  pressure  field  can  be  simulated 
in  a  more  practical  manner. 

Noise  ducts  employ  elec tro-pnuema tic 
transducers  to  generate  the  acoustic 
pressure  field,  exciting  the  component  at 
grazing  or  direct  incidences.  Problems 
with  this  type  of  testing  include 
unrepresentative  non-linearity  of  the 
pressure  field  at  high  acoustic  levels, 
limitations  in  simulating  the  correct 
pressure  variations  within  the  duct, 
together  with  the  potential  unwanted 
interactions  with  the  acoustic  behaviour 
of  the  duct  itself. 

A  reverberation  room  would  tend  to  be  used 
where  acoustic  excitation  is  expected  to 
be  extremely  diffuse  (i.e.  where  the 
excitation  is  random  in  direction).  So 
far,  these  have  not  been  extensively  used 
within  BAe  MAD  and  experienco  is  limited. 

The  use  of  shaker  tables  for  qualification 
testing  is  beset  with  the  same  problems  as 
noted  in  the  previous  section. 
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Whichever  method  is  used,  the  testing 
situation  is  complicated  still  further  by 
the  impracticability  of  applying  a  full 
life  time  of  typical  aircraft  acoustic 
loads.  The  test  time  is  usually  shortened 
to  a  more  realistic  duration  by  factoring 
up  the  acoustic  levels.  However,  there 
are  obvious  questions  as  to  how  large  the 
factor  should  be  and  whether  the  resulting 
accelerated  testing  induces  the  correct 
stress  levels  eind  modes  of  failure. 

3.7  Zoning 

It  is  not  practical  to  perform  detailed 
acoustic  fatigue  analysis  for  all  parts  of 
the  airframe.  At  present,  those  parts  of 
structure  near  the  source,  or  along  the 
patn  of  significant  acoustic  pressure 
field  intensity  are  given  particular 
attention. 

At  present,  for  guidance  in  military 
applications,  BAe  consider  detailed 
analysis  essential  in  areas  where  acoustic 
levels  are  150dB  (OASPL)  or  above.  This 
does  not  prevent  attention  being  given  in 
other  zones  if  the  specific  situation 
demands  it.  In  fact,  there  is  still  some 
doubt  as  to  whether  the  level  of  150dB  is 
sufficiently  low  to  identify  all 
significant  problem  areas. 

4.  ACXXISnC  FATIGUE  -  FUTURE  REQUIRERHfrS 
It  is  highly  likely  that  in  future, 
specific  military  projects  will  require 
STOVL  capabilities.  Whatever  the  form  of 
propulsion  chosen  to  produce  this,  it  is 
Inevitable  that  the  system  will  exhaust 
closer  to  the  structure  when  compared  with 
more  traditional  designs.  Structure  will 
have  to  withstand  much  higher  levels  of 
acoustic  and  thermal  loading,  and  for 
longer  periods. 

In  this  respect,  a  great  deal  of 
experience  has  derived  from  the  Harrier 
programme  not  only  in  setting  out  the 
rules  for  design  but  also  assessing  where 
rules  have  been  insufficient  and 
identifying  aspects  of  acoustic  fatigue 
which  could  not  have  been  foreseen.  But 
it  is  fair  to  say  that  the  future  aircraft 
will  be  more  advanced  in  terms  of 
performance  and  a  more  severe  thermal 
acoustic  environment  is  likely  to  exist. 

Deployment  of  stores  from  internal 
cavities,  buried  engines,  and  panel 


designs  with  higher  response 
characteristics  ail  increase  the 
aggressiveness  of  thermal  acoustic 
environment  acting  on  the  structure. 

In  addition,  higher  performance  requires 
more  optimised  structure  where  compromises 
between  weight  and  material  and  structural 
properties  lead  to  more  marginal 
clearance.  There  is  also  an  increased 
emphasis  towards  structures  which  are 
damage  tolerant  and  durable.  At  present, 
thermal  acoustic  methods  and  data  are  not 
sufficiently  oeveloped  to  provide 
confidence  in  clearing  such  critically 
designed  structure. 

5.  WAY  FORWARD 

It  is  apparent  from  the  previous  sections 
that  much  development  needs  to  be  done  to 
achieve  proficient  acoustic  fatigue  design 
for  the  future.  It  is  important  that  all 
aspects  of  the  process  are  improved.  Some 
under  active  investigation  are  given 
below. 

In  particular: 

-  development  and  investigation  of 
improved  methods  of  accurately 
predicting  fluctuating  pressure  levels 
and  associated  spectral  content  for 
engine  efflux,  boundary  layer  and 
separated  aerodynamic  flow; 

-  development  and  investigation  of 
improved  methods  of  accurately 
predicting  the  structural  response  to 
acoustic  environments,  covering  more 
complex  structure  and  also  non-linear 
effects; 

-  investigation  of  the  representation  of 
acoustically  induced  stress  spectra 
(rms)  leading  to  more  accurate  fatigue 
analysis; 

•  development  and  investigation  of 
satisfactory  means  of  assessing  the 
fatigue  performance  under  combined 
acoustic  and  manoeuvre  induced 
structural  loads; 

-  investigate  the  application  of  acoustic 
fatigue  endurance  data  across  a  wide 
range  of  structural  geometries; 
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-  investigate  and  improve  the 
understanding,  applicability,  together 
with  the  mcinipulation  cuid  use  of 
results  from  shaker,  noise  duct  and 
reverberation  room  tests; 

-  development  and  investigation  of 
improved  methods  of  non-destructive 
damage  detection  in  severe  acoustic 
environments; 

-  investigate  and  improve  the  use  and 
validity  of  accelerated  testing 
techniques; 

-  development  and  investigation  of  rules 
for  zoning  the  aircraft  to  identify 
areas  for  detailed  acoustic  ainalysis; 

-  development  and  investigation  of 
techniques  to  deal  confidently  with  the 
thermal  acoustic  environments  associated 
with  STOVL  or  features  which  induce  more 
severe  acoustic  environments. 

Developments  listed  above  will  provide  the 
basic  tools  for  thermal  acoustic  fatigue 
design.  Many  other  issues  are  involved  to 
extend  this  capability  and  to  investigate 
methods  of  reducing  damage.  Some  of  the 
more  important  include: 

-  continued  development  of  acoustically 
resilient  sandwich  panel  structural 
design  to  meet  high  stiffness  to  weight 
requirements; 

-  optimisation  of  substructure  design  to 
meet  the  integration  of  the  above  panels 
and  satisfy  types  of  panel  edge  fixation 
and  minimise  vibration  transmission; 

-  development  of  techniques  to  determine 
the  thermal  acoustic  response  of  damaged 
and  repaired  structure; 

-  development  of  mechanisms  tor  absorbing 
thermal  acoustic  energy. 

6.  CONCLUSIONS 

This  paper  has  reviewed  current  acoustic 
fatigue  design  practise  and  identified 
current  shortcomings.  Further,  it  has 
identified  the  areas  wliere  development  and 
improvement  is  required,  to  meet  future 
aircraft  requirements,  some  of  which  are 
being  addressed  today. 


REFERENCES: 

1.  "Acoustic  Fatigue  Sub-series  Volumes 
incorporating  Royal  Aeronautical 
Society  data  sheets".  Engineering 
Science  Data  Unit. 

2.  Rudder,  F.F;  eUid  Plumlee  H.E,,  "Sonic 
Fatigue  Design  Guide  for  Military 
Aircraft",  AFFDL-TR-74-112,  Feb  1975. 

3.  Commission  of  the  European  Communities, 
Brite/Euram  programme:  "Acoustic 
Fatigue  and  Related  Damage  Tolerance  of 
Advanced  Composite  and  Metallic 
Structures  (ACOUFAT)" 

4.  Clarkson  B.L. ,  "Stresses  is.  Skin  Panels 
Subjected  to  Random  Acoustic  Loading", 
Aeronautical  Journal  of  the  Royal 
Aeronautical  Society  Vol  72  No.  695 
1968. 

5.  White  R.G.,  "A  Comparison  of  some 
Statistical  Properties  of  Responses  of 
Aluminium  Alloy  and  CFRP  Plates  to 
Acoustic  Loading",  Composites  Journal 
Oct  1978. 


2-1 


HELICOPTER  INTERNAL  NOISE 

G.  NiesI 

EUROCOPTER  Deutschland 
Munchen,  Germany 

E.  Laudien 
Daimler-Benz  AG 
Postfach  30  04  65 
81663  Munchen 
GERMANY 


Summary 

Compared  to  fixed  wing  aircraft,  helicopter  interior 
noise  is  higher,  and  subjectively  more  annoying.  This 
is  mainly  due  to  discrete  frequencies  by  the  main 
transmission  system,  and  also  from  other  components 
like  main  and  tail  rotor,  engines,  or  cooling  fans.  Up 
to  now,  mainly  passive  measures  have  been  used  for 
interior  noise  reduction.  Despite  intensive  experi¬ 
mental  and  theoretical  investigation  to  improve 
acoustic  treatment,  their  weight  penalties  remain  high 
especially  in  the  low  frequency  range. 

Mere,  active  noise  control  offers  additional 
capacities  without  excessive  weight  efforts.  Loud¬ 
speaker  based  systems  are  sufficiently  well  develo¬ 
ped  for  Implementing  a  prototype  system  in  the 
helicopter.  Two  other  principles  are  in  development: 
Active  panel  control  which  introduces  mechanical 
actuators  to  excite  the  cabin  walls,  and  active  control 
of  gearbox  struts  with  actuators  in  the  load  path 
between  gearbox  and  fuselago. 

1.  Introduction 

Helicopters  serve  many  markets  and  perform 
various  functions:  from  military  and  police  missions  to 
oil  rig  supply,  emergency  tasks,  executive  transports 
and  commuter  operations.  Therefore,  unlike  for 
commercial  fixed  wing  aircraft,  the  helicopter  design 
has  to  meet  many  functional,  and  economic 
requirements  and  is  not  optimized  for  single  use.  The 
interior  noise  of  existing  helicopters  is  unacceptable 
high  and  may  even  affect  the  hearing  integrity  of 
passengers  without  ear  defenders.  The  effect  of  noise 
on  passengers  and  pilots  is  reflected  in  spontaneous 
complaints  reported  to  the  manufacturers  or  as  results 
of  physiological  studies. 

In  light  helicopters,  major  noise  sources  are  near 
the  passengers'  heads.  However,  the  effectiveness  of 
noise  control  measures  such  as  sound  absorbing 
materials  and  damping  sheets,  is  limited  not  only  by 
weight  but  also  by  space  constraints,  especially  at  the 
ceiling.  The  weight  penalty  of  conventional  acoustic 
treatment  is  severe,  it  degrades  performance  and  in 
most  cases,  the  residual  noise  levels  still  remain 
relatively  high.  In  contrast  to  other  aircraft,  for  exampfo 
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propeller  driven  aircraft,  the  helicopter  interior  noise 
contains  a  high  amount  of  discrete  tones  which  are 
more  annoying  than  a  broadband  noise  spectrum. 

In  addition  to  pure  tones,  there  are  interactive 
effects  of  noise  and  vibrations  which  cause  an  even 
more  stressful  environment  for  passengers  [1], 
Especially  in  rescue  helicopters  it  is  often  not  possible 
to  wear  ear  protection  for  medical  sonnel  and 
injured  persons  because  of  communication  reasons. 
For  pilots  and  medical  personnel,  performing 
responsible  and  high  sophisticated  work,  a  suitable 
environment  with  acceptable  levels  of  noise  and 
vibrations  Is  necessary. 

2.  Status  of  Helicopter  Internal  Noise 

Most  flying  helicopters  are  in  general  not 
designed  for  low  interior  noise  levels.  Therefore,  all 
existing  helicopter  with  low  interior  noise  are  penalized 
by  the  additional  weight  of  the  Interior  trim. 
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Figure  1 :  Interior  Noise  Levels  of  VIP-sound¬ 
proofed  Helicopters  Compared  to  Fixed 
Wing  Aircraft 
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Cabin  noise  levels  for  untreated  helicopters  are 
higher  than  100  dBA,  although  this  level  varies  bet¬ 
ween  helicopters  ot  different  size,  pertormance, 
gearbox  construction,  etc.  Most  standard  helicopters 
with  minimum  noise  requirements  have  levels  ot  about 
90  to  95  dBA.  Soundproofed  versions  tor  passenger 
transport  show  interior  noise  levels  of  about  85  dBA, 
in  some  cases  like  VIP  helicopters  even  lower.  The 
weight  ot  the  additional  treatment  is  at  least  2%  of  the 
helicopter  take-off  weight. 


Figure  2:  Typical  Interior  Treatment  tor  High 
Comfort  Passenger  Transport 

Figure  1  provides  a  general  overview  of  interior 
noise  levels  inside  soundproofed  helicopter  cabins 
compared  to  fixed  wing  aircraft.  The  main  difference 
to  the  noise  spectrum  of  an  airliner,  here  represented 
by  ari  Airbus  A320,  is  given  in  the  frequency  range 
below  1000  Hz. 

Figure  2  shows  an  example  of  a  high  insulating 
interior  treatment  for  VIP  transport.  For  corritort  and 
design  considerations,  the  interior  panelling  is  very 
heavy  to  ensure  adequate  transmission  loss. 


Figure  3:  Transmission  Loss  of  Pure  Aluminium 
Structure  and  Honeycomb  Structure 
(8  mm) 


The  internal  noise  problem  will  even  increase, 
when  new  composite  materials  are  introduced  to 
helicopter  design.  Figure  3  shows  transmission  loss 
measurements  of  a  conventional  aluminium  structure 
and  a  honeycomb  structure,  both  in  a  configuration  as 
used  in  helicopters.  The  poor  performance  of  the 
composite  panel  is  caused  by  the  lower  weight  of  the 
structure  itself  and  due  to  the  reduced  number  of 
stringers  and  spars  necessary  to  provide  the  same 
stiffness.  It  can  be  foreseen  that  new  helicopter 
designs  with  composite  materials  will  be  faced  with 
increase  nterior  noise  problems. 

3.  Requirements  for  Interior  Noise 

Often  noise  considerations  during  helicopter 
cabin  design  are  of  no  necessity,  since  part  of  the 
helicopter  missions  does  not  require  exceptional  low 
interior  noise  levels.  On  the  other  hand,  interior  noise 
reduction  plays  an  important  role  in  passengers' 
acceptance  for  future  helicopter  transport. 

Nowadays  helicopter  design  takes  care  of 
acoustic  constraints  already  in  the  early  design  stage. 
The  design  goal  of  an  advanced  helicopter  with  low 
interior  noise  level  has  to  include  the  following 
considerations; 

•  Human  hearing  characteristics  including  hearing 
risk  criteria:  Up  to  now  there  is  no  generally 
accepted  limit  which  defines  the  comfort  threshold. 
In  some  countries,  there  is  an  requirement  for  a 
maximum  noise  level  inside  the  cabin  which  should 
not  exceed  an  8  hr  equivalent  continuous  noise 
level  of  85  dBA 

The  interior  noise  level  of  passenger  transport 
helicopters  is  more  and  more  oriented  towards 
fixed  wing  aircraft.  However,  to  teach  this  goal  the 
level  must  be  considerably  reduced  compared  to 
existing  helicopters.  The  airliner  standard  is  about 
75  dBA.  Modern  turboprop  aircraft  also  show  noise 
levels  below  80  dBA. 

•  Speech  Interference  Level  (dB(SIL)):  The  method 
commonly  used  In  estimate  speech  intelligibility  is 
based  on  the  measurement  of  the  noise  at  the 
listener's  ear  and  a  comparison  of  this  value  with 
maximum  allowable  noise  levels  lor  undistorted 
speech.  Hereby,  only  the  frequency  range  from 
350  to  5600  Hz  is  considered.  Modern  helicopters 
are  aiming  to  a  SIL  value  below  75  dB(SIL)  which 
allows  communication  with  normal  or  slightly 
increased  voice  effort. 

•  Comfort  considerations  (frequency  analysis): 
More  than  the  integral  noise  level,  pure  tone 
components  degrade  the  comfort  inside  the  hell 
copter.  Especially,  as  the  main  gearbox  is  attached 


directly  to  the  cabin  deck  of  the  helicopter,  a  large 
amount  of  discrete  frequency  components  are 
emitted  into  the  cabin. 

As  the  A-weighted  dB-sound  pressure  level  often 
does  not  represent  the  subjective  impression  of 
noise  as  accurately  as  necessary  (Figure  4), 
alternative  noise  measurement  systems  are 
recommended  which  model  the  noise  reception  of 
the  human  ear  more  realistically.  An  example  is 
the  Zwicker  method  for  calculating  loudness  levels 
((2),  [3]).  based  on  frequency  noise  spectra  mea¬ 
sured  in  1/3-octave  bands.  This  calculation  method 
is  also  used  by  ECO. 


Figure  4;  Comparison  of  A-weighted  Curve  with 
Loudness  Sensitivity  Curve  for  90  dB(A) 

More  advanced  measurement  systems  use 
artificial  heads  with  a  detailed  modelling  of  the 
human  ear.  Existing  systems  include 

■  modulation  of  tonal  effects 

-  relation  of  higher  frequency  parts  of  the 
spectrum  to  lower  frequency  parts 

■  harmony  (relation  of  tonal  components) 

-  masking  effects  of  the  human  ear 

-  directivity  of  the  human  ear 

4.  Helicopter  Nolle  Sourcei 

Tin-re  are  numerous  sources  which  contributes 
to  the  noise  level  observed  in  the  helicopter  cabin.  The 
main  sources  and  their  location  with  respect  to  the 
passengers  is  given  in  Figure  5,  Those  which  domi¬ 
nate  a  typical  spectrum  (see  Figure  6) .  are  both  rotors, 
the  engine  and  auxilliary  equipment,  airframe  noise, 
and  the  main  transmission.  Generally  spoken,  the 
spectrum  of  helicopter  cabin  noise  comprises  a 
complex  series  of  harmonically  related  discrete  tones, 
superimposed  to  broadband  noise.  The  sound  is 
transmitted  into  the  cabin  either  by  airborne  or  struc¬ 
ture-borne  paths  and  in  some  cases  by  both. 


The  rotor  noise  in  the  cruise  flight  regime  is 
generated  mainly  by  two  mechanisms.  The  first  one 
is  a  monopol  source  called  thickness  noise,  which  is 
due  to  the  fluid  volume  displacement  of  the  moving 
rotor  blade  and  becomes  a  major  contribution  at  high 
advancing  blade  Mach  numbers.  This  component  is 
highly  directionally.  The  second  type  is  a  dipole  source 
named  rotational  noise  which  is  generated  by  the 
aerodynamic  lift  and  drag  forces  excerted  by  the  rotor 
blade  on  the  surrounding  fluid.  Due  to  the  relative  low 
frequency  range,  the  rotational  noise  has  very  little 
influence  on  the  A-weighted  noise  level  inside  the 
cabin. 


Figure  5:  Helicopter  Internal  Noise  Sources 

The  most  annoying  rotor  noise  is  blade  slap,  This 
highly  impulsive  sound  is  generated  by  blade  vortex 
interaction  and  is  emitted  due  to  its  impulsiveness  at 
higher  rotor  harmonics.  Thus,  it  can  become  a  major 
contributor  to  helicopter  interior  noise  as  shown  in 
fluctuating  surface  pressure  measurements  on  the 
roof  of  a  BO  105  helicopter  conducted  by  the  DLR  (4) . 
During  blade  slap  condition,  the  surface  pressure 
levels  were  20-30  dB  higher  compared  to  normal 
horizontal  flight.  Furthermore,  the  measurement 
showed  lor  this  specific  helicopter  type,  that  the 
transmission  loss  of  the  cabin  wall  is  a  minimum  in  the 
frequency  range  of  highest  rotor  induced  noise  levels. 
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Figure  6;  Typical  Interior  Noise  Spectrum  in  an 
Untreated  Small  Size  Helicopter 
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Another  aerodynamic  source  is  the  boundary 
iayer  noise  along  the  fuselage.  Especially  in  the  door 
region,  the  sound  level  increases  with  (light  speed 
because  of  broadband  noise  generated  by  the  air 
streaming  along  the  helicopter  fuselage.  Further 
sources  for  internal  noise  are  auxilliary  power  units, 
heating  systems,  pumps  and  fans  which  contribute 
more  or  less  to  a  frequency  spectrum,  depending  on 
the  type  of  helicopter.  In  the  BK  1 1 7,  for  instance,  it  is 
the  oil  cooling  fan  which  transmits  a  discrete  tone  at 
1 900  Mz  into  the  cabin  by  an  airborne  path. 

The  most  annoying  noise  source,  however,  is  the 
gear  noise  of  the  main  transmission  which  propagates 
on  a  structure-borne  as  well  as  airborne  path  into  the 
cabin.  The  meshing  frequency,  giving  rise  to  high  level 
discrete  tones,  is  equal  to  the  number  of  gear  teeth 
times  the  rotational  speed.  The  sound  enters  the  cabin 
directly  by  acoustic  transmission  of  airborne  noise 
through  the  cabin  wall  and  also  due  to  structural 
radiation  by  the  gearbox  struts,  the  airframe,  and 
finally  the  interior  surfaces  such  as  the  floor,  doors, 
windows,  and  trim  panels  (Figure  7).  The  frequency 
ot  this  noise  ranges  from  about  500  to  3000  Hz  and 
matches  exactly  the  peak  responses  of  the  human 
ear.  The  narrow  band  sound  is  subjectively  more 
annoying  than  broadband  noise  of  the  same  sound 
pressure  level. 

The  position  of  the  main  transmission  relative  to 
the  passengers  is  a  major  factor  regarding  the  mag¬ 
nitude  of  annoyance.  The  worst  case  is,  when  the 
gearbox  is  located  on  top  of  the  cabin  above  the 


Figure  7:  Noise  Transmission  Paths  (tom  the 
Gearbox  to  the  Cabin 


passengers  seats.  In  small  helicopters,  effective  noise 
reduction  measures  are  often  limited  at  the  ceiling  due 
to  the  head  clearance  of  the  passengers  (see 
Figure  5). 

5.  Reduction  of  Interior  Noise 

Noise  reduction  at  the  source  of  existing  heli¬ 
copters  offer  some  specific  problems  because  each 
modification  is  associated  with  performance  penalties 
and  safety  reasons.  The  palliative  measures  (or 
passive  noise  reduction  are  dependant  on  the  trans¬ 
mission  paths.  If  the  structure-borne  path  dominates, 
structural  modifications  at  the  airframe/cabin  interface 
become  necessary.  If,  however,  the  air-borne  path  is 
shown  to  be  dominant,  a  soundproofing  scheme  is 
necessary  with  the  target  to  concentrate  these 
treatments  where  they  are  needed  most  in  order  to 
keep  the  weight  penalties  as  low  as  possible. 

For  future  helicopter  development,  the  reduction 
of  interior  noise  is  one  of  the  major  challenges.  There 
were  several  company  related  interior  noise  reduction 
efforts  over  the  last  decade  ([5].  [6]  and  [7]).  A 
promising  programme  for  interior  noise  reduction  is 
seen  in  the  currant  BRITE/EURAM  project  RHINO 
(Seduction  of  Helicopter  Interior  HQise).  The  project 
is  supported  by  the  Commission  o(  the  European 
Communities  (CEC),  Directorate  for  Science, 
Research  and  Development.  Based  on  the  experience 
of  the  ASANCA  (Advanced  Study  of  Active  Noise 
Control  of  Aircraft)  project  RHINO  represents  a 
balanced  and  integrated  approach  to  the  solution  of 
the  closely  linked  problem  of  noise  and  weight  control 
(8) .  The  noise  control  strategy  within  RHINO  deals  with 
four  different  areas: 

-  noise  reduction  at  the  source:  Gearbox  noise 
source  ..trengih  description,  and  reduction  of 
gearbox  noise, 

-  noise  transmission  path:  Identification  of  tfie  noise 
transmission  paths  and  reduction  ot  struc¬ 
ture-borne  gearbox  noise  by  an  active  strut. 

propagation  of  noise  to  the  receiver:  Opiimizatiori 
ot  passive  noise  reduction,  active  panel  control, 
and  active  control  by  loudspeakers, 

development  of  an  interior  noise  prediction  code. 

5.1  Interior  Nolee  Prediction 

Theoretical  prediction  of  Internal  noise  is  an 
esse.'tial  prerequisite  tor  the  design  and  optimization 
of  noise  reduction  measures  of  tuturo  helicopters. 
Besides  Finite  Element  (FEM)  and  Boundary  Element 
Methods  (BEM)  for  the  lower  frequency  range,  the 
Statistical  Energy  Analysis  (SEA)  is  a  prediction  tool 
useful  tor  the  higher  frequency  range 
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A  new  approach  to  SEA  is  currently  developed 
under  the  BRITE/EURAM  Research  programma 
RHINO  in  an  attempt  to  overcome  the  difficulties  in 
the  gearbox  related  frequency  range  where  the  other 
prediction  methods  are  impracticable.  This  Advanced 
Statistical  Energy  Analysis  (ASEA)  is  based  on  a 
travelling  wave  approach  which  allows  a  consistent 
mathematical  description  for  the  vibrational  and 
acoustic  energy  flow  into  different  coupled  sub¬ 
systems  avoiding  as  much  as  possible  empirical 
coupling  coefficients  required  by  conventionally  SEA 
methods.  Sofarthe  mathematical  subsystems  consist 
out  of  plates  and  beams  and  plates  with  beams  for 
which  the  reflexions  and  the  transmission  coefficients 
can  be  calculated  exact  for  ideal  connections.  Even¬ 
tually  the  real  helicopter  structure  will  be  broken  up 
into  the  subsystems  available  within  ASEA  possibly 
requiring  hundreds  of  subsystems  similar  like  the 
elements  for  present  FEM  codes. 

In  the  context  the  effect  of  sound  absorption  in 
porous  media  Is  investigated  for  to  include  suitable 
physical/mathematical  models  in  the  ASEA  environ¬ 
ment.  Sound  absorption  measures  will  influence  the 
dynamic  and  acoustic  behaviour  of  a  complex 
structure  like  a  helicopter  cabin  in  different  ways.  For 
a  foam  fixed  to  a  homogeneous  panel  the  increase  in 
weight  and  stiffness  can  be  taken  into  account  by 
modifying  tha  elastic  parameters  of  the  plate.  Acoustic 
efiects  of  the  foam  are  changed  to  the  radiation 
efficiency  for  the  plate  and  changes  to  the  reflexion  of 
ittcident  sound  waves  from  the  panel.  This  will  influ¬ 
ence  the  calculated  sound  pressure  levels  for  cavities 
as  well  as  the  transmitted  sound  through  double  walls 
containing  absorption  foam,  which  is  common 
construction  tor  helicopter  cabins  with  trim  panels. 

In  general  the  acoustic  effects  ate  taken  into 
account  by  replacing  the  porous  medium  by  a  fluid 
layer  with  effective  compressibility  describing  the 
energy  loss  for  the  sound  wave  traversing  the  layer. 
Common  models  are  based  on  a  number  of  empirical 
parameters  related  to  pore  shapes,  tortuosity,  friction 
loss,  etc  increasing  the  difficulty  to  calculated  the 
absorption  and  the  transmission  of  sound  wKh  a 
consistent  model. 

A  new  model  for  the  absorption  of  sound  has  been 
developed  (9|  requiring  only  geometrical  parameters 
of  foams  with  open  cells  which  can  be  determined 
completely  from  microscopic  pictures.  The  geometri¬ 
cal  parameters  required  are  the  pore  size,  the  area  of 
connection  between  the  pores  and  the  statistical 
distribution  of  these  parameters  within  the  foam.  The 
model  basically  consists  out  of  two  steps.  One  step  is 
the  mathematical  description  of  the  sound  pro 
pagation  within  the  pores  and  the  other  step  is  the 


statistical  model  to  derive  effective  medium 
parameters  taking  into  account  the  variation  of  pore 
sizes  and  coniiection  areas  within  the  foam. 

The  basic  physical  model  for  the  porous  medium 
is  a  three  dimensional  grid  of  spherical  Helm- 
hoitz-Resonators  which  are  interconnected.  The  pore 
size  determines  the  volume  of  the  resonators  and  the 
connection  areas  correspond  to  the  neck  areas  of  the 
resonators.  Energy  losses  are  due  to  the  frictional 
losses  of  the  compressed  air  to  the  walls  consisting 
of  foam  material.  Both  effects  can  be  calculated  for 
the  assumed  geometry  without  empirical  assumption. 

In  the  second  step  the  effective  frequency 
dependent  sound  velocity  is  calculated  by  a  numerical 
integration  over  the  statistical  fluctuating  geometrical 
parameters  of  the  pores.  To  determine  the  effective 
medium  parameters  a  method  is  adapted  which  allows 
to  calculates  the  effective  impedance  for  three 
dimensional  networks  with  local  disturbances.  Applied 
to  the  foam  in  general  the  result  differs  from  calculating 
the  sound  velocity  for  average  pore  size. 

Figure  8  shows  a  comparison  between  measured 
absorption  coefficients  for  the  impedance  tube  and 
calculated  ones  for  the  new  model.  Compared  to 
convontionel  models  the  agreement  Is  reasonable 
well  enough  to  take  advantage  from  the  fact  that  only 
geometrical  parameters  of  the  foam  were  used  for  the 
calculation  and  no  additional  empirical  parameters 
had  to  be  introduced. 


Figure  8:  Comparison  of  Measured  (•)  and 
Calculated  (*)  Absorption  Coefficitints 

S.2  NoIm  Tivnatnlialon  Path  Identlllcatlon 
The  noise  reduction  strategy  which  Is  most 
effective  for  internal  noise,  depends  fundamentally  on 
whether  the  acoustic  energy  Is  transmitted  to  the  cabin 
mainly  by  an  airborne  or  a  structure-borne  path.  Up 
to  now.  only  experimental  path  kfentification  methods 
are  feasible  to  answer  this  hindamental  question  tor 
each  individual  helicopter. 


ORA  has  developed  a  method  for  the  identifi¬ 
cation  of  the  noise  transmission  paths  [10],  During 
flight  tests,  the  acoustical  and  vibratory  excitations  are 
measured  with  a  number  of  differently  oriented 
interface  response  transducers  which  register  the 
magnitude  as  well  as  the  phase.  In  a  subsequent 
ground  test,  mechanical  exciters  are  used  at  the 
gearbox  to  reproduce  the  in-flight  response.  Finally,  a 
linear  superposition  is  done  to  numerically  simulate 
the  in-flight  response  at  the  interface  by  using  an 
adequate  fitting  process. 

5.3  Optimization  of  Soundproofing 

In  the  development  of  any  new  aircraft,  it  is 
necessary  to  optimize  the  interior  trim  in  order  to  meet 
noise  and  weight  targets.  In  the  past,  this  has  been 
accomplished  by  using  sound  pressure  measure¬ 
ments  and  a  combination  of  experience  and  ad-hoc 
modifications  which  often  ended  in  an  iteration 
process  of  measurement  and  modification.  This  can 
be  costly  and  inefficient,  and  the  final  solution  is  not 
necessarily  the  optimum  one. 

Irrespectative  of  the  potential  benefits  of  active 
noise  control,  there  will  always  be  a  requirement  for 
passive  measures,  especially  since  many  of  the  active 
noise  control  systems  are  restricted  to  certain  fre¬ 
quency  ranges  or  merely  to  some  discrete  frequen¬ 
cies.  With  regard  to  the  surface  aiea  and  due  to 
structural  considerations,  this  trim  will  be  a  substantial 
proportion  of  any  noise  control  strategy.  To  ensuie  a 
maximum  of  noise  reduction  with  a  minimum  of 
additional  weight .  it  is  important  to  achieve  an  optimum 
trim  distribution.  This  is  of  special  importance  for 
modern  fuselages  made  out  of  reinforced  composites, 
since  these  helicopters  are  lacing  severe  noise  pro¬ 
blems  compared  with  conventional  aluminium  slruc- 
lures. 


Stringers 


Figure  9:  Sound  pressure  level  of  the  RHINO  test 
structure  (238  points,  2000  Hz  1/3  octave 
band) 


Within  the  RHINO  programme,  the  potential  of 
sound  intensity  is  investigated  as  a  measurement 
technique  to  optimize  a  typical  helicopter  trim  package 
for  minimum  noise  and  weight.  Sound  intensity 
measurement  is  used  to  calculate  the  sound  power 
radiated  from  discrete  trim  areas  fitted  into  a  curved 
helicopter  test  structure.  It  will  be  subjected  to  a 
combination  of  mechanical  and/or  acoustic  exci¬ 
tations.  Interior  trim  panels  coated  with  various 
damping  layers  will  be  tested.  Ranking  the  radiated 
sound  power  will  enable  a  localized  trim  distribution 
and  thus  a  weight  minimisation.  The  capabilities  of  the 
sound  intensity  method  to  determine  local  noise 
radiation  and  acoustic  leakage  can  be  seen  from 
Figure  9. 

Other  subjects  for  application  of  sound  intensity 
are  feasible  and  would  increase  the  knowledge  ot  the 
acoustics  of  helicopter  cabins: 

detailed  analysis  of  the  amplitudes  and  phases 
of  the  sound  pressure  inside  the  cabin. 

analysis  of  noise  transmission  pathes  by  mea¬ 
surement  of  the  sound  intensity  inside  and  outside 
the  cabin  combined  with  vibration  intensity  flow 
measurements 

real  time  source  location  with  a  three  dimensional 
vector  probe. 

5.4  Pattiv*  Maana  lor  Intarlor  Nolta  Reduction 
Within  the  scope  of  optimized  passive  noise 
reduction,  multilayer  trim  panels  were  tested  with 
respect  to  global  and  discrete  frequency  damping. 
Several  test  structures,  similar  to  helicopter  structural 
components,  were  arranged  In  a  test  window  between 
reverberation  room  (excitation)  and  anechoic  room 
(measurement) 


Frgure  10:  Test  Sel-up  tor  Improvement  of  Cabin 
DckiT  Transmission  Loss 


T 


Figure  10  shows  as  an  example  the  test  set-up 
for  the  BO  1 08  (EC  1 35)  cabin  door  improvement 
programme.  In  addition,  a  flat  and  a  curved 
honeycomb  structure,  and  an  aluminium  structure 
were  tested.  All  the  test  structure  were  manufactured 
similar  to  real  helicopter  structural  parts.  The  sound 
field  data  acquired  with  the  intensity  measurement 
technique  was  used  to  determine  the  distributions  of 
radiated  sound  power. 

The  transmission  loss  of  the  BO  108  (EC  135) 
door  components  -  window,  spars  and  honeycomb 
structure  -  was  measured  at  31  points.  Based  on  the 
local  sound  power  radiation,  modifications  to  the  cabin 
door e  implemented  in  order  to  reach  an  adequate 
damping  characteristic  of  all  door  components.  Figure 
1 1  shows  the  transmission  loss  values  before  and 
after  modification. 


Figuie  11:  Sound  Transmission  Loss  of  the  BO  108 

cabin  drxir  before  and  after  ModificiitKin 


Figure  12  Invesliqalton  of  liorismissKHi  kiss  of 
difljrem  irrm  panel  crKihgiKat.  >ns 

Figure  12  shows  iT«fasuremeiits  of  the  Uans 
mission  toss  of  various  Him  panels  The  malomsls  were 
different  m  thictniess.  mass  and  stiffness  TTie 
transmission  loss  inci eases  with  weight,  as  eicpected 
Normaluedtothe  same  weight,  the  Polycaib(,mfit  (PC) 


plate  (1)  and  the  Glass-fibre-reinforced-composite 
(GFRP)  plate  (2)  show  the  same  transmission  loss, 
whereas  the  6  mm  Nomex  honeycomb  plate  (3)  has 
significantly  lower  values. 

An  increase  in  transmission  loss  was  achieved  by 
tilling  the  25  mm  space  between  fuselage  structure 
and  panel  with  foam  (4).  The  transmission  loss 
increased  by  3  to  1 0  dB  at  frequencies  above  250  Hz. 
A  further  noise  reduction  is  achieved  by  adding  of  a 
light-weight  third  soft  layer  (Nr.  5  of  Figure  12). 

5.5  Resonator*  for  Additional  Absorption 

In  the  lower  frequency  range,  the  sound  energy 
can  not  be  absorbed  sufficiently  due  to  the  relative 
large  wave  lengths  compared  to  Ihe  thickness  of 
absorption  materials.  Here,  resonance  absorber 
systems  offer  an  additional  sound  reduction, 
especially  for  light  helicopters  which  normally  cannot 
provide  the  space  required  for  conventional  mea 
sures 

Resonance  absorbers  like  the  Helmholtz  reso 
nator  are  mass-spring  systems.  The  air  in  the  hole  ol 
the  resonator  can  be  regarded  as  the  oscillating  mass 
f  he  chamber  volume  located  behind,  iS  equivalent  to 
the  spring  The  attenuation  bandwidth  ol  a  these 
resonators  is  relatively  nai'ow.  By  selecting  differently 
tuned  resonators,  the  bandwidth  can  be  spread  to  a 
broader  characteristic  Modern  lielicopter  lusei,  je 
designs  imply  more  and  more  honeycomb  structures 
which  can  easily  tie  conveited  to  Helmholtz  resona 
tors  (Figure  13)  By  perforating  the  cover  ;.iyer  ol  the 
honeycomb  wall,  ftequonlially  limed  leson.itois  are 
olitained 


Figure  13  Honeycomb  Cores  Converted  to 
Helmholtz  Resonators  (25S  oi  the 
Cotes) 

A  horreycomb  panel  was  lesterl  witfi  ij  t2,  .vkI 
25**  of  the  honeycomb  chambms  used  as  resim.Uois 
They  were  tuned  to  the  most  annoying  gearbox 
liirquency  ot  KXm  Hz  TT>e  aiisQipbon  coelficirmt  ol 
the  waB  without  leson.  ’  'ts  is  lower  than  0  12  at 
1900  Hz  As  tan  be  sr»en  in  Figure  14.  absorption  and 
barxtwKJth  increasrH]  strongly  with  the  resonator 


density.  An  abiorotion  degree  of  0.98  has  been 
achieved  it  every  forth  honeycomb  core  was  con¬ 
verted  to  a  resonator.  It  should  be  noted,  that  this  kind 
of  absorption  inside  the  cabin  requires  no  additional 
weight. 


Figure  14:  Absorption  ol  the  Honeycomb  P'ate  with 
Different  Number  ol  Cores  Converted  to 
Resonators  (6%.  12%,  25%) 


For  investigations  with  a  6  bladed  radial  fan,  a 
ring  was  fixed  to  the  air  inlet  containing  three  rows  of 
Helmholtz  resonate. s,  which  were  tuned  to  different 
frequencies.  The  frequency  spectrum  with  open  and 
closed  resonators  is  shown  in  Figure  1 5.  This  design 
of  an  inlet  silencer  provides  a  rather  broadband  and 
not  only  a  discrete  frequency  damping  characteristic 
with  considerable  high  sound  pressure  level  reduc¬ 
tions.  As  the  volume  flow  of  the  fan  changed  only  by 
1  %,  the  efficiency  of  the  fan  will  not  be  influenced.  By 
a  close  arrangement  of  the  resonator  layers,  it  is 
possible  to  integrate  the  resonator  ring  in  the  air  inlet 
structure, 

5.6  Gearbox  Noise 

The  transmission  system  of  a  helicopter  gene¬ 
rates  a  discrete  frequency  noise  which  is  mainly 
transmitted  into  the  cabin  by  the  gearbox  struts  In 
ge.neral,  there  is  very  little  structure-borne  noise 
attenuation  througii  any  path  between  gearbox  and 
cabin  because  there  are  only  small  impedance 
changes  to  cause  major  losses  As  an  oxamfile,  in 
Figure  16,  a  simultaneously  measured  gearbox 
vibration  and  a  cabin  sound  spectrum  is  shown  T,  le 
transfer  of  the  acceUnaliun  levels  into  the  cabin  is 
very  imruessively  illustiated  in  this  Figure, 


Resonators  are  also  able  to  reduce  noise  at  the 
source,  ftu  example  at  an  oil  cooling  tans  Fan  noise 
may  be  drvKled  into  a  rotational  arnl  a  vortex 
component  Ttie  rotational  part  is  a  senes  ol  discrete 
tones  a!  the  furidamental  blade  passage  frequency 
and  its  tuemoiiics  Because  ol  ttie  constiMit  rotation 
pruv.deif  by  ttie  main  geailnix.  resonators  are 
afifMopriati'  ini'ans  lor  reducing  the  rotatamal  ixMSe 
component 


Figure  IF 


Future  15  Noise  Reduction  by  a  Resonators  Ring 
on  an  Oil  cootmi}  Fan 


Acreteration  al  the  GeartKix  Mount  and 
Caton  Sound  Levels  Measured  »i  the 
BK  117 
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It  is  highly  desireable  to  decrease  the  noise 
emission  of  the  gearbox  itself  because  a  reduction  at 
the  source  is  more  effective  and  less  weight  con¬ 
suming  than  passive  measures  in  the  cabin,  The  major 
design  goal  of  a  helicopter  gearbox  is  minimum  weight 
combined  with  high  reliability  and  an  adequcte  service 
life.  Consequently,  tne  toothing  and  bearing 
characteristic  of  the  gearbox  is  optimized  in  a  way 
which  is  often  acoustically  unfavourable. 

A  significant  noise  reduction  was  achieved  by 
EUROCOPTER  France  (for.nar  Aeros.  ■' tiale  heli¬ 
copter)  in  the  modification  cf  a  Dauphin  SA  365 
gearbox.  Hereby  the  input  spiral  bevel  gear  toothing 
were  redesigned  to  ensure  a  better  meshing 
continuity,  which  led  to  a  reduction  of  the  gearbox 
meshing  noise  by  about  1 5  dB  and  the  internal  noise 
by  6.5  dB  SIL  (Speech  Interference  Level'  Further¬ 
more,  the  noise  transmission  characteristic  of  the 
gearbox  mounts  have  been  modified  by  adding  local 
weights  to  the  bars.  The  comparable  low  weight 
penalty  of  1 .3  kg  resulted  in  a  reduction  of  the  internal 
noise  by  4.2  dB(SIL) 

A  further  reduction  is  expeced  by  a  noise  oriented 
layout  of  the  gearbox  casing.  By  adding  damping 
materials  to  the  casing  or,  even  better,  by  using  casing 
materials  that  offer  a  large  internal  damping,  the 
vibration  itself  and  the  coupling  effects  between  the 
transmission  excitation  and  the  casing  response  will 
be  reduced, 
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Figure  17:  Impadance  Measurements  on  one  of 'he 
Four  Vertical  Geartrox  Levers  With  and 
Without  Absorbers 


adjus  .'ble  resonance  vibration  absorber  fixed  to  the 
struts  and  tuned  to  the  gearbox  frequency  absorbs 
some  of  the  acoustic  energy.  As  an  example. 
Figure  17  shows  the  point  impedance  measurement 
of  one  gearbox  strut  with  and  without  absorbers.  All 
four  vertical  struts  show  similar  frequency  responses. 

With  absorbers  -  each  one  weighs  about  0.8  kg  - 
the  impedance  increased  dramatically.  The  position 
where  the  absorber  is  fixed  to  the  helicopter,  is 
essential  for  its  design.  The  schematic  diagram  of  the 
test  set-up  is  shown  in  Figure  1 0.  Figure  1 9  shows  the 
acceleration  transmitted  by  the  gearbox  lever  with  and 
without  absorber  during  ground  tests.  The  excitation 
(by  shaker)  was  at  the  gearbox  side  while  the 
r  cceleration  was  measured  at  the  attachment  point  of 
tire  gearbox  strut  to  the  cabin  structure.  The  vibration 
transmission  was  decreased  by  a  factor  of  1 000  at  the 
desired  discrete  frequency 


gejrUOA  strut 


lusei<3Qe  siroctuf9 


Figure  1H:  Schematic  Diagram  ol  the  Test 
Arrangement  Inside  the  Helicopter 


iw>!tiuul  AbSQrb«r 


Since  design  changes  of  the  gearbox  itself  arc 
often  impossible,  it  is  convenient  to  change  the 
transmission  characteristics  ol  the  gearbox  struts  An 


Figure  19  Vibration  Tran«m!  ...nn  Frequency 
Response  ol  a  Gearbox  Strut  With  arid 
Without  Absorber 


6.  Noise  Reduction  bv  Passive  Measures  on 
Helicopters 

As  an  example  of  an  improvement  of  the  interior 
noise  without  large  weight  penalty ,  a  BK  1 1 7  has  been 
equipped  with  some  of  the  previously  examined 
damping  and  absorptive  measures  (improved  double 
wall  system  with  additional  soft  layer,  improved  door 
and  window  sealing,  resonators).  Compared  with  the 
original  equipment  which  also  represents  a  noise 
treated  interior  standard,  the  noise  level  could  be 
considerably  decreased  (Figure  20).  At  a  flight  speed 
of  1 10  kts,  the  noise  level  reduction  was  5  dBA.  At  a 
higher  flight  speed,  the  internal  noise  level  is 
dominated  more  and  more  by  boundary  layer  noise 
especially  in  the  cabin  door  region  which  limited  the 
noise  reduction  to  4  dBA  at  130  kts.  Still,  these  values 
do  not  reflect  the  real  improvement  in  comfort,  since 
very'  annoying  discrete  tones  in  the  2000  Hz 
1 /3-octave  band  were  reduced  by  12  dB  at  110  kts 
and  7  dB  at  130  Hz. 


Fitjuri<20  BK  117  Measurement  Results  Before 
and  After  Additional  Passive  Noise 
Treatment 


7.  iiqiiUfi  inntr  ShtU 

The  problem  of  reducing  slructuial  radiation  can 
be  solved  to  a  certain  extent  liy  use  of  .in  isolated  inner 
cabin  Tills  concept  consists  essenti.illy  in  limiting  ttie 
numtier  ol  vibration  transmission  patties  by  using  a 
si'pnrate  Inime  for  Itie  catiiri.  wtiich  is  mounted 
vibralionally  isolated  to  the  aiilrame  by  use  ol  high 
mass  transmission  barriers  Tlie  conei:!  rnettuKi  ol 
mounting  is  essential  to  ensure  liiat  the  high  viliralinri 
levels  ol  Itw  Hirtriune  are  not  transmitted  to  this  inner 
cabin  This  isolated  inn*''  cabin  concept  was 
successtulty  applied  by  Westland  Helicopter  on  a  VIP 
Commando  (11)  However,  the  inner  shell  concepts 
realized  up  to  now  were  a  very  wivghi  intensive  and 
expensive  solution 


8.  Active  Control  of  Noise  and  Vibrations 

Conventional  passive  noise  reduction  methods 
for  interior  noise  like  constructive  modification  of  the 
fuselage,  gearbox  mounting,  or  additional  damping 
and  absorption  often  lead  to  an  impairment  with 
respect  to  other  design  goals.  Especially  at  low 
frequencies,  passive  measures  are  inadequate 
(heavy  and  space  consuming)  to  provide  the  required 
acoustic  effect  for  low  noise  levels  in  the  helicopter 
cabins.  Here,  active  noise  or  vibration  control  may 
contribute  significantly  if  discrete  tones  deteriorate  the 
passengers  comfort.  Active  vibra'ion  control  can  be 
applied  to  the  gearbox  itself,  at  the  interface  between 
gearbox  and  cabin,  and  at  the  radiating  interior  trim 
panels  itself.  Active  noise  control  directly  by 
loudspeakers  is  applied  to  the  interior  noise  field. 

Active  Gearbox  Strut 

In  the  past,  active  gear  box  struts  were  developed 
by  several  manutactureis  in  order  to  reduce  the  4/rev 
cabin  vibration  levels.  These  systems  were  based  on 
hydraulic  actuators  and  therefore  restricted  to  low 
frequencies.  Figure  21  shows  a  principle  scheme  ol 
an  active  gearbox  vibration  control  system  Active 
systems  with  application  to  noise  relevant  frequency 
ranges  will  use  eioctrodynamic  or  magnelo-resltictive 
actuators. 


rotor 


Figure  21  FuiH'lionul  Scimme  ol  an  Active  Gear 
box  Strut 

Even  in  case  ol  small  helicopters,  fluctuating 
loices  on  the  gearbox  struts  ate  extremely  higti  The 
energetic  disadvantage  liy  compensation  ol  Itiese 
forces  IS  obvious  Furlheimjie.  the  geaibox  is  con 
necled  to  the  calmi  by  several  elemeiils  Ui  transmit 
forces  and  moments  Ail  ol  them  Iransmil 
siru  luie  borne  noise  and  Iheielore  must  bo  provided 
with  !)v  an  active  system 
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Active  Noise  Control  bv  Loudspeakers 

Active  noise  control  uses  an  array  of  loud¬ 
speakers  to  minimize  the  sound  pressure  level  at  a 
number  of  error  microphones  inside  the  cabin.  The 
technology  has  been  successfully  applied  to  cars  and 
propeller  airplanes  [12],  [13],  With  respect  to  the  first 
three  propeller  blade  passage  frequencies,  a 
reduction  potential  of  10  to  20  dB  were  indicated. 
Active  sound  control  systems  may  be  configured  to 
produce  noise  reductions  at  local  regions  or  globally 
throughout  the  entire  cabin  volume.  The  necessary 
effort  of  the  system  is  dependant  on  the  complexity 
and  extension  of  the  sound  field.  Feasible  systems 
include  one  loudspeaker  and  two  microphones  for 
each  passenger  seat. 

For  helicopters,  active  noise  control  by  loud¬ 
speakers  is  thought  to  reduce  the  discrete  frequencies 
of  the  main  and  tail  rotor  up  to  200  or  300  Hz  at  the 
maximum.  However,  tl-j  sysiem  is  not  able  to  rope 
with  tonal  components  of  the  main  transmission  which 
start  to  ta  significant  above  30C  Hz.  Active  vibration 
cont,ol  is  here  a  more  promising  method  to  reduce 
cabin  noise. 

aetiya'ii^.QDkaLot  Panels 

Within  tt'O  BRITEcURAM  project  HHINO,  active 
panel  control  will  be  investigated  to  reduce  structurally 
radiated  sound  by  application  of  active  forces  directly 
iO  vibrating  panels.  Figure  22  shows  a  principal 
scheme  of  an  active  panel  control  system.  Basic 
investigation  of  the  global  layout  of  an  ac'ive  pane 
control  prototype  and  the  control  algorithm  develop¬ 
ment  will  be  performed  on  a  flat  honeycomb  sandwich 
structure.  The  implication  of  an  active  panel  control 
system  by  interaction  of  helicopter  fuselage,  panels, 
actuators  and  sensors  will  be  evaluated  by  use  of  a 
realistic  helicopter  test  structure. 

Both  tests  will  be  used  tor  the  definition  or 
appropriate  sensors  and  actuators.  The  test  structures 
will  be  excited  with  airborne  and  structure-borne 
noise.  The  resulting  structural  vibrations  will  be 
suppressed  by  directly  applying  active  forces  to  the 
panels.  High  noise  reduction  is  expected  for  single 
modes  by  using  point  force  actuators  like  electro- 
dynamic  soakers.  As  tlmsp  actuators  are  heavy, 
voluminous,  and  need  a  suppoiting  structure, 
distributed  actuators  based  on  piezoelectric 
materials  will  also  be  taken  into  consideration.  The 
main  disadvantage  of  piezoelectrical  materials  is  their 
small  displacement,  however,  research  on  new 
materials  like  piezo-electric  materials  based  on 
bimorph  principle  are  expected  to  overcome  this 
disadvantage. 


Figure  22:  Principle  Scheme  of  Active  Panel 
Control 

The  theoretical  and  experimental  investigation 
will  lead  to  an  adapted  instrumentation  for  active 
control  experimentation.  The  resulting  prototype 
system  will  be  applied  and  tested  on  the  laboratory 
test  structure.  The  embedding  conditions  and  the 
excitation  sources  will  be  chosen  in  away  to  simulate 
as  close  as  possible  to  real  helicopter  flight  conditions. 

Conclusions 

In  the  past,  cabin  noise  was  often  judged  only  by 
Its  A-woightcd  sound  pressure  level.  The  result  was 
a  global  noise  reduction  strategy,  but  in  many  cases 
only  with  minor  improvement  in  annoyance  level.  In 
order  to  optimize  the  relation  of  noise  reduction  to 
weight  of  the  interior  trim,  subjective  noise 
measurement  systems  are  very  helpful  to  specify  the 
most  annoying  spectral  components  of  the  cabin 
noise. 

The  cabin  noise  level  of  passenger  transport 
helicopters  must  be  considerable  reduced  if  they  are 
oriented  towards  fixed  wing  aircraft.  However  new 
helicopter  design  with  composite  materials  are  facing 
even  mere  noise  problems  which  are  caused  by  the 
lower  surface  weight  itself  as  well  as  the  reduced 
numuer  of  stringer  and  spars  necessary  to  provide  the 
same  stiffness.  Consequently,  additional  sound¬ 
proofing  material  is  required  to  compensate  for  it. 

Passive  soundproofing  design  is  mainly  based  on 
past  experience.  However,  there  are  possibilities  of 
improving  the  existing  interior  trim.  The  sound 
intensity  mapping  technique  c'oes  help  to  find  acoustic 
leaks  and  thus  enabling  a  localized  trim  distribution 
with  a  minimum  of  weight.  Acoustic  resonators  and 
absorbers  as  well  as  an  optimized  double  wall  system 
should  be  included  in  a  fully  integrated  passive 
installation. 

Active  noise  control  systems  offer  advantages  in 
the  low  frequency  range,  where  passive  measures  are 
limited  in  efficiency.  A  careful  analysis  of  the 
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performance  of  the  active  system  on  the  global  noise 
reduction  and  annoyance  improvement  must  be 
conducted. 
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RESUME 

Lcs  problcmcs  gcncraux  dc  I'analysc  aeroacototiquc 
sent  prcscnidj  ici  en  prenant  exetnple  de  t‘etode  <Sci 
tuilcs  dc  la  Naveite  Spatiale  HERMES  Le  dessin 
pantculier  dcs  luiles  ct  leur  cmuronneinem 
acroacousiiquc  tris  severe  rendaient  la  ceiie  analyse 
paniculiirement  difTicite. 

Lcs  oudls  d'analyse  disponibles  soni  passds  en  revue 

•  Moyens  de  calcul.  qui  sont  globalement  ceux  dc 
raerodlasiicitd, 

•  Moyens  d'essais  au  sol  (soufUeries.  tubes  a  ondes 
progressives,  tables  vibrantes.  ) 

Aucun  dc  CCS  moyens  ne  peut  itre  suffisant.  it  lui  seul. 
pour  valider  Ic  dimensionnement  des  stmemres .  en 
particulier  la  moddisation  des  sources  turbukntes 
n'est  pas  possible  aujourd'hui  ct  la  simulation  expdn- 
mcntalc  dc  Icurs  crTcts  sur  les  structures  sembic  tris 
dilTicilc 

En  dcpii  dc  ccs  difTicultes.  cn  s'appuyant  sur  lcs  caU 
culs  ct  lcs  essais  prdliminaires  des  tuiles  HERMES, 
unc  strategic  rationnelle  est  proposde  pour  le  dimcn- 
sionncmcnt  ct  la  quaUncation  vi$-4->is  de  I'acro- 
acoiistique 

On  aboutit  a  un  enchainement  d'essais  dont  lcs  condi¬ 
tions  sont  determine  par  calcul.  les  modeles  dc  cal¬ 
cul  ctant  cu.x-mcmes  validcs  par  comparaison  aux 
rcsultats  d'essais 


ABSTRACT 

General  probletns  or  acroacoustic  analysis  arc  pre¬ 
sented  hm.  taking  as  an  example  shingle  studies  of 
HERMES  space  shuttle  Analysis  of  shingle  behas'iour 
meets  this  problem  in  a  particularly  dilTiculi  way 
(very  hard  environment,  specific  diflicultics  due  to 
design  of  shingles) 

Available  analysis  toots  arc  listed 

•  Calculation  means,  which  arc  mainly  those  of 
aerocIastKity. 

•  Ground  test  means  (wind  tunnel,  progressive  wav  c 
tubes,  shakers.  ) 

None  of  these  means  can  alone  srUist'y  i'»c  needs  of 
structural  dimensioning  and  qualification  .  in  particu¬ 
lar  the  calculation  of  lurbuleni  sources  is  not  possible 
today,  and  they  arc  very  difficult  to  simulate  with 
groi^  test  of  actual  structural  parts 

In  spite  of  these  dilficultics.  and  referring  to  the  pre¬ 
liminary  tests  and  calculations  of  HER.VC.S  shingles, 
a  rational  strategy  is  proposed  for  acro.xoustic  dimcn- 
siomng  and  qualification  of  structural  parts 

This  leads  to  a  succession  of  tests,  the  conditions  of 
which  are  determined  by  calculations,  calculation 
models  being  thcmsches  validated  by  companson 
with  test  results 
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I.  INTRODLCTfO> 

Oil  .ippcllc  phcnomcncs  ".Tcroacoustiqucs"  rcnscmbic 
dt.-s  niictu;ilion«  dc  prcssions  c:  dcs  \ibrjlions  dc 
sinicliirc  cniicndrccs  p.ir  Ics  ctoiilcrocnls  iicrochna- 
iinqiics  iiirbiilciits  cl  Ics  mou'.  cmcnis  d’ondc  dc  choc 
P’oiir  Ics  ;nion*i  Ic  plii<  cla^siqiic  dcs  phcnomcncs 
■icro.icoiiMupic  c>l  Ic  ircmblcmcnt  (Uitirclmc) 

Dans  la  pimnic  dcs  moscnncs  frequences  iqudquo 
di/aiiics  a  qiicIqtKs  cctitaiiics  dc  Hen/)  Ics  pheno- 
nicncs  acroacoustKiiirs  peusem  cue  vxircc  dc  dom- 
inaccs  discfs  pour  Ics  urucuircs  ci  l-s  equipemcnis 
dcs  as.ons  fissures  dc  f.itiiric  soirc  ruptures  sraii- 
ques  lls  v)nl  nussi  vjur^cs  d'lnccnlor  pour  Ics  pilotcs 
ct  Ics  pass.i-jcrs 

1  cs  probicnics  .icroacousiiquc  pcuscix  sc  rciKontrcr 
dc  r.i<,on  plus  oti  moins  aimic  pour  lous  Ics  (spes 
d'asion.  Ics  cxcmpics  Ics  plus  classiqiKs  sont  lies  au\ 
sillaccs  d  xrofrein  el  dc  charptes  extericnrcs  Cepen- 
danl  c'csi  ascc  I'ciudc  dcs  miles  dc  proieclion  ihenni- 
iiuc  dc  la  nascllc  IfKRMF.S  qoe  nous  asons  rcTKomre 
Ics  problcir.es  d'.icro.icotisliquc  .isc.  Ic  maxuntm 
d'  isiiilc.  ccl.i  du  f.iit  dc  I'cnsuonncmcm  ires  scscrc  dn 
schiculc  au  UnccnKni.  dc  sa  fortTK  >crod>namiquc 
(XII  propicc  Cl  dc  la  spccificilc  sirucmralc  dcs  miles 

Nous  .(lions  exposer  ici  Ics  prandcs  lierKS  dcs  pro- 
Mciiics  poses  par  fanalssc  .icroacousiiquc  cn  scncral. 
lls  son(  princtpalcmcni  lies  au.x  difTicsillcs  ifcfrccnier 
dcs  c.ilculs  precis  cl  dc  trouser  des  mosens  {T-ssais  an 
sol  rcprcscniaiifs  Nous  prcscnions  ics  soluiicns 
uiilis.iblcs  .icmcMcnKnl  ci  Ics  dcscloppcmcms  qu'on 
proposcrait  a  partir  dcs  lemons  iirccs  dc  fetode  dcs 
imics  HFRMF.S  .  ils  soni  globalcmcnt  iransposabks 
fHiiir  l.i  conception  ct  la  qualific.'Uion  dc  cellules 
d'as  ions  plus  classiqucs 

.  .\KROACOl  STIQIT  DES  Tl  lI.ES  IIER.MF-S 

Pour  Ic  proict  dc  n.iscuc  spalialc  HERMES  fcnsiron- 
iicmcnt  acroacoustique  Ic  plus  scscrc  etail  presu  pen¬ 
dant  Ics  phases  transsoniqucs  du  lanccmcnl  tsoir 
pl.inchc  2).  ccia  lani  du  fail  d'unc  presswn  dsrumiquc 
rcl.itiscincnl  cicscc  |<I.4'  bar),  qu'en  raison  dc  la 
forme  ires  cmoiisscc  dc  fasion  (soir  ptancho  1)  Celle 
lornic  csi  iicccss.iirc  pour  limner  1'cch.iulTcmcnl  cinc- 
liquc  dc  rcr.trcc  iiiais  die  csi  pen  propicc  pour  csitcr 
Ics  dccollcmcnls  J'ccoulcnicnt  cl  les  ■.u'l.ihiliics 
si  sU'.dC  dc  clls'C 

Dans  ccriaiucs  /ones  Ics  ms  cans  act”.isiu)iics  clobaus 
I'cuscnl  .illcinJrc  lod  db  .msqiids  (Xiisciil  sc  r.ijouler 
dcs  lluciu.Uions  de  prcssion  dc  foidre  dc  -(>i>  mb  a 


bassc  frequence  (-lOh/)  dues  aux  mouvcmcnis 
d'ondcs  dc  choc 

Les  elements  Ics  plus  solItciiiS  [lar  eel  cnvironncmcnl 
acroacoustique  sont  les  tuilcs  dc  protection  ihcrmiqiic 
auxqucis  nous  nous  inicrcssons  ici  .  dies  couvrent 
I'cnscmblc  dc  I'inirados  du  s  chiculc  ct  la  panic  as  ant 
du  fusclaitc  (voir  planchc  1 )  Elies  sont  consliluccs  dc 
panneaux  minces  (^isscur  ensaron  I  mm)  cn  com¬ 
posite  ccramiquc  C-SiC  proicscani  un  bloc  d'isolant 
ultra  Icgcr  fait  dc  multiples  ccrans  reflcctcurs  scparcs 
par  dcs  fcuircs  isolant.  les  priiKipalcs  caractcrisliqucs- 
sent  f«umccs  planchc  ' 

Cette  concepnon  dc  luilc.  doni  on  demonire  pat 
ailtcurs  tous  ks  asantages  par  rappon  a  iTauircs  solu- 
iioos.  notamment  par  rappon  au  sxsteme  dc  "Pave" 
choisi  pour  rOftMcr  L'S  (xoir  refdencc  I).  preseme 
dcs  ipteifictics  cotnpliquant.  s‘il  dan  besom.  I'analssc 
aeroacoustujuc  par  rapport  a  cellc  des  sinxitircs  clas- 
siques.  cc  sent 

•  Lc  materv’j  C-SiC  dont  la  rheologic  csi  trn  non- 
Itncaire  (voir  pbnchc  4).  mats  qui  par  centre  pre¬ 
seme  une  resistance  mecaniquc  mteresunte  (au- 
dcla  dc  2(X)  MPa)  ct  une  tres  faiblc  scnsibilnc  a  la 
fatigue  d  aux  effds  ifcntaillc  (ce  matcriau  sup- 
portc  par  ailleurs  dcs  tcmpdaturcs  supcnciircs  a 
1  tni)^C  en  restam  tres  tiiWcmcnt  sensible  a  I'oxv  - 
datton) 

•  La  non-lineantc  (Teffd  dc  membrane  (res  pro- 
nonccc  du  panneau  (voir  plarKhe  4  la  courbe  dc 
nccfic  cn  fondion  dc  la  prcssion  sUliquc)  Ccla  sc 
iradun  anssi  par  one  tres  fonc  scnsibilnc  dc  la  fre¬ 
quence  dcs  modes  dc  vibration  a  la  prcssion  sia- 
iiquc 

•  Lc  cowponcmem  compiexe  dcs  joints  d  dc  I'lso- 
lam  imcme  (raidcur  non  lincatre.  hvstercsis.  ) 

•  L’effd  de  raidcur  'pmcumaliquc'  imponant  sus- 
ccpiMc  iTdrc  crec  par  Fair  dc  la  cavitc  sous  mile 
I-  (faugmentatjon  dc  rrcquciKC  fondamcn- 
lalc  emre  une  mile  non  ctanchc  ct  une  tuilc  ctan- 
chc.  voir  planchc  10) 

•  l  es  effds  de  cooplagc  acroclastiquc  imponants 
diis  a  Li  faiblc  cpaissciir  rclalivc  du  panneau.  qiii 
conduiscnt  a  une  scnsibilnc  au  Flutter  dont  I'.ina- 
hsc  CSI  un  prcalabic  a  ccllc  dc  I'.icroacousiiquc 
isoir  planchc  1 1 ) 

Ccs  componcmcnis  coniplcxcs  compliqucm  cerres  les 
calculs  mats,  ils  sent  tres  favorabics  pour  lc 


componcn\cm  acraacousiiquc  dcs  luilcs.  cii  crcant  dcs 
dissipations  d'cncrgle  importamcs  c!  dcs  c>clcs  lunitcs 
qui  rcduisoiit  Ics  ampliludcs  dcs  vibrations 

S.  PANOPLIE  DES  OUTILS  D’ANALYSE  ET  DE 
VERIEICATION  DISPONIBLE 

J.l.  Onit.SDKfAl.ClI. 

La  base  dc  la  panoplie  d'outils  dc  calciil  iiiilifablc 
aiijonrd'htii  pour  I'acroacoustiquc  cst  globalcmcnt 
ccllc  dc  I’acroclasticitc  ,  on  cn  trouvera  Ics  details 
dans  Ics  references  2,  3  ct  4  ;  Ics  graiidcs  Iigncs  soiit 
Ics  siiis  antes 

•  Modclisation  de  raerodvnaniioue  instationnairc 
dans  Ic  doniainc  frequence,  .i  partir  dcs  equations 
de  potcnticl  rcsolucs  par  nicthodc  de  singularitc. 
sources  ct  doublets  (\oir  references  5  ct  6) 

Dans  cette  approchc  Ics  /tones  d'ccoiilcmcnt  turbu¬ 
lent  sotit  rcprcscntces  par  unc  certaine  dciisitc  dc 
source  rcpartic  dans  Ic  fluidc. 

On  obticnt  cn  sortie  Ics  opcratcurs  dc  transfert 
complc.xcs  reliant  Ics  prcssions  dc  paroi  aux  va¬ 
riations  d'lncidcncc  dc  ccs  parois  ct  a  I'intcnsitc 
dcs  sources  turbuicntes,  sou  , 

1  ^  !n--[A(<o,r)]a  +  --  l’V-[lh(or)] 

Is  tur 

La  dif'icultc  cst  que  nous  ii'avoiis  aii|oiird'luii 
aucuii  tnoycn  d'apprehender  Ic  2cmc  tcriiie  dc 
ccitc  equation,  nc  sacliant  cn  pratique  calculcr  ni 
la  position  ni  I'intcnsitc  dcs  sources  turbuicntes 

On  coniouriic  cc  problcinc  cn  coiistatant  que  cc 
2enic  tcriiic  a  la  signincatioii  des  prcssions  cimcii- 
drccs  siir  unc  paroi  nmdc  par  Ics  sources  tiirbiilcii- 
tes  ,  on  doit  aiuis  obtciur  ccs  prcssions  cxpcri- 
nicntalcnicnt,  I'cquation  1  dcvicnt  alors 


Cc  t\pc  dc  niodclc  sc  prolongc  naliircllciiiciit  a 
Macli  ”  0  cl  V  -  (I  cn  un  inodiilc  acoiistiquc 


Lcs  maillagcs  surfaciques  dc  ccs  niodclcs  acrody- 
iiamiqucs  component  dc  qiiclqucs  ccntaincs  a 
quclques  millicrs  dc  facette.  cc  qui  cst  Ic  rang  dc 
la  matricc  dc  coefficients  d'lnfluciicc  complexe  a 
construirc  ct  inxcrscr  pour  chaque  frequence  dc 
calcuL 

Quand  on  nc  s’inlcrcssc  qn'a  I'acroacoustiquc  cxic- 
ncur  (pas  dc  reverberation  d'ondc  acoiistiquc)  lcs 
opcratcurs  calculcs  sonl  rclativcmciU  continus  cn 
fonction  dc  la  frequence  Cc  qui  autorisc  a  nc  fairc 
Ic  calcul  complcl  que  pour  un  nonibre  liinitc  dc 
frequences  (quclques  di/aincs  an  plus),  entre  Ics- 
qucls  lcs  rcsultats  sont  inicrpolcs 

II  cn  resultc  un  calcul  rclativcincnl  pen  coiilciix 
aujourd'hui 

Le  defaut  evident  dc  la  methode  cst  dc  ne  pas  cal- 
ciilcr  lcs  sources  turbuicntes  Ccci  ncccssitcrail. 
dans  I'.absolu.  la  resolution  dc  rcqiiatioii  dc  Na\  icr 
Stokes  insiatioiinairc  an  nombre  dc  Reynolds  dii 
vol  dcs  .avioiis,  Cc  probicme.  ciblc  dc  la 
"Computer  Fluid  Dynamic"  (C,F  D  )  cst  assc/  loin 
d'etre  rc.solu  indiistricllcmcni  tii  attendant,  cer¬ 
tains  ptoposent  des  techniques  inicriiicdiaircs 
basccs  sur  dcs  niodclcs  scmi-cmpinqucs  dc  distri¬ 
bution  dc  source  turbiilcnlc  calibres  sur  dcs  essais 
(voir  reference  7) 

•  Modclisation  siriicluralc 

Ellc  esi  gciicralcmcnl  obicnue  par  tecliniqiie 
d’Elcnicnls  Finis,  Le  plus  soiivciil,  eii  lineaire  on 
utilise  comme  degre  dc  liberie  les  modes  pro- 
pres  stnictiiraux  On  calciile  ainsi  les  icrmes  de 
I'cquation  dc  la  dynamiqiic  siriicluralc 

J  [A/],v"+[C],v'+[A'].r:r  [  /■]/> 

Ccia  a  I'cxecplion  dcs  tenues  dc  la  malriec  d'aiiior- 
lisscnieni  strueturalc  doiii  on  nc  eonnail  .gciic- 
ralcmcnt  pas  les  bases  plivsiqiies  qui  pcrnicllraieiil 
dc  les  calculcr  Les  amortissenicnls  slrneuiraiiv 
sonl  done  soil  derives  d'cssais,  soil  negliges  (si  la 
dissipation  d'cnergic  par  rayonnemeni  aeousiique 
oil  par  amortissciiicni  acroclasliqiie  csl  |ugee  pre- 
pondcranic) 

•  Modclisalipiyaepuslique:  inlerne 

La  niclliodc  dc  suigularilc  iitiliscc  pour  I'aeoiis- 
liquc  externe  serail  iitilisabic  a\cc  la  diflieulte  que 
rcxistcncc  dc  mode  aeousiique  dc  eaviie  eree  des 
pics  aux  fonelions  dc  Iransferl  aeousiique  inlerne. 
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cc  qui  ncccssilc  done  dc  ires  nombreux  points  dc 
calcul  cn  frequence  (quciques  ccniaines  .i  quelqucs 
millicrs)  contraiiement  au  cas  dc  I'acoustiquc 
externe  On  preCere  uliliscr  une  modclisalion  dcs 
cavitcs  internes  par  Element  Fini  tndimensionncl 
adnptec  a  I'cquatton  d'Hclmoltz  (voir  planchc  "7), 
associcc  a  une  reduction  module  "acoustique"  (xoir 
reference  8). 

•  Couplaac  dcs  modcles 

Lcs  equations  coupices  cnirc  Ics  3  t>pcs  dc  modclc 
sont  ctablics  cn  considcrant  la  compatibililc  dcs 
deplaccincnts,  I'cquilibrc  dcs  forces  cl  la  conser¬ 
vation  dcs  travaiix  virtiicls  a  lours  interfaces  .  la 
difficullc  principale  vicnt  dc  la  non  coincidence 
geometrique  a  la  froatlere  dcs  maillagcs  dc  chaqiic 
modclc  a  coupler  (adaptc  prioritairemcm  aux 
specificitcs  dc  sa  discipline),  nous  en  dclaillons  la 
technique  dans  Ics  references  3  el  4 

II  en  rcsultc  Ic  syslemc  d'equation  couple  fornnilc 
dans  le  domaine  frequence  dc  la  forme 

4(-((r[.W]^(w[C']  +  /■’r'[.-l(«),v)]).v  -  [7]Pr 


4'  [/;(w,l'].v  =  [7]l'r 

La  mtiiricc  |D  (ai,V)|  cst  I'opdratcur  classtqtic  dc 
I'analv  se  dti  Flutter  (sa  singulantc  correspond  a  la 
Vitesse  dc  Flutter) 

Lcs  modcles  dc  chaque  discipline  fournisscni  Ics 
opcratciirs  permettant  dc  passer  dcs  degres  dc 
libenc  aux  parametres  qii'on  \cul  stinre 
(accelerations,  deformations,  conlraintcs,  cITorts 
ii’tcrncs,  prcssioii  dans  les  fluidcs.  etc  )  soil 

.V.[/,],V 

On  dcdiiil  la  fonction  dc  transfert  entre  lcs  pres- 
sions  dc  la  turbulence  s'  r  paroi  rigidc  cl  lcs 
parametres  suivis  ,  sou 

.v--[/,][/)(o,,|-)]  '[/iPr 

ou 


.v  =  [//((U,F]Pr 

On  cn  dcduil  Ics  spectres  dc  puissance  dcs  para- 
m‘-'  cs  suivis  cn  fonction  dcs  spectres  el  imcr- 
specircs*  dcs  composantes  du  vecicur  soil 

.V(.v...<.)  =  SI//i/7t.V(Pr,Pr) 

dc  la  on  passe  au  nombre  moven  dc  depassements 
d'un  niveau  domic  dc  ccs  parametres  suivis  par  la 
formulc  dc  Rice  (voir  reference  9)  soil  : 

\(a)  =  X(oh’ 

avec 

.V(o)  =  -i/{.l/.S'(,v')//tV/.V(.v) 

cc  qui  permet  d'cfrcclucr  lcs  predictions  slatisti- 
ques  de  duree  dc  vie  aussi  bien  vis-a-vis  dc  la 
resistance  statique  que  dc  la  fatigue  (a  partir  dcs 
abaques  cxperimcntalcs  dc  resistance  cn  fatigue 
cycliqiie  cl  cn  admeltant  la  regie  dc  cuinul  dc 
doinmage  dc  Miner) 

Pour  prendre  cn  compic  les  non-linearitcs  stnicitiralcs 
(lellcs  qu'on  les  rencontre  sur  les  luilcs  HERMES)  on 
dispose  dc  2  techniques 

•  La  linearisation  du  modclc  autour  de  I’cquilibtc 
statique  calcule  cn  non-lincairc  (voir  reference  10) 
et  I'ulilisation  dans  rcquation  dc  la  dvnamique 
stmcturalc  3  dc  la  inairicc  dc  rigiditc  "tangentc"  a 
Tequilibrc 

•  Le  calcul  structural  dynamiqiic  non-lincairc 
(grands  deplaccmcnts.  plasticite  et  rheologic  non 
lineairc,  0001.101)  par  integration  dircctc  dans  Ic 
domaine  temps 

Pour  cc  calcul  non  lincaire  couple  la  difTiciille  cst  dc 
disposer  d’un  modtic  adrodynamique  dans  Ic  domaine 
temps  Pour  cela  nous  utilisons  gcncralcinciu  une 
procedure  simple,  homogcnc  a  la  rusticitc  globule  du 
modclc  acrodynainiqiic.  011  ropcrulciii  dc  cuiiplage 
aerodynanuque  cst  idcntifie  par  Itsstigc  dans  le 
domaine  frequence  a\cc  dcs  cO'els  dc  rtiidcur. 
amortisscment  et  dc  masse  tijoiilecs ,  apres 


‘  qii'il  fatil  done  oblcnir  par  inesure 


iransposilion  dans  le  rcpcrc  dcs  dcgres  dc  libcrtc  E  F  , 
CCS  tcrmcs  dc  couplagc  acrodynamiqucs  sent  ajoutcs 
anx  Icrnics  corrcspondants  dc  I'cquation  diffcrcnlicllc 
dll  mouvcmcnt  cn  non-hncairc. 

Lc  champ  dc  prcssion  d'cxcilalion  dans  Ic  domainc 
temps  cst  soil  derive  dircclcmcnt  dcs  mcsurcs  bnites 
cn  soufflcric  cn  fonction  du  temps,  son  "rcconslituc"  a 
partir  dcs  matrices  dc  spectres  dc  prcssion  (ccci 
permet  dcs  prolongcmcnts  staiistiques  pour  oblcair  Ics 
cas  Iiniitcs), 

.^vcc  I'outil  EI.FINI  dont  dispose  DASSAULT 
AVI.ATION  Ics  procedures  dc  calculs  lincaires  ct 
linearises  livoquecs  ici  sont  aujoiird'hui  peu  couteuscs 
cn  temps  dc  calciil  .  il  n'en  va  pas  dc  mcme  pour  Ic 
non-lincairc  "compict".  surtoui  si  Ics  modelcs 
stnicturaux  sont  importanls  el  si  on  veui  acccdcr  aux 
caraclcnsliqucs  statisliques  dc  la  reponse  non- 
lincairc  (Ncccssile  dc  disposer  d'echantillons  dc 
reponse  dans  lc  temps  longs  on  nombreux)  Ccci  nous 
a  anicnc  pour  Ics  tuilcs  HERMES  a  reseixer  celte  ana- 
h  sc  non  lincairc  complete  a  la  comprehension  quali- 
talisc  dcs  phenomcncs  ct  a  la  reconnaissance  dcs 
limitcs  dc  validitcs  dcs  approches  lincaires  ct  linea¬ 
rises 

3.2.  MOYEXS  EXPERIMF.XT.VI  X 

Nous  avons  mis  cn  oeuvre  ou  envisage  Ics  types 
d'cssais  suivaiits  pour  Ics  luiles  HERMES. 

3.2.1.  F.ssais  cn  snufncric  sur  maquette  rigidc 

lls  oni  etc  cfTectucs  priiicipalcmcni  dans  Ics  soufllc- 
rics  HST  ct  SST  du  NLR  enirc  Mach  0.7  cl  Mach  3 
sur  dcs  maqiicttes  au  l/.30cmc  ct  IMOcmc  insimmen- 
ices  d'une  quaraniatnc  dc  captcurs  de  prcssion  insia- 
lionnairc 

lls  out  vise  .i  clablir 

•  Unc  comprehension  dcs  phenomcncs  .acrodyna- 
imques  (positions  cl  mouvcmcnt  dcs  chocs,  dccol- 
Icmcnls  lurbuleiits.  etc  par  visualisation  striosco- 
piqiic.  voir  planchc  (>) 

•  l.a  mesure  dcs  spectres  cl  dc  quciqiics  inlcrspcc- 
ircs  aux  points  eslimcs  Ics  plus  critiques,  qtii  out 
servi  dc  base  a  I'eiablisscmeni  dcs  charges  aiiro- 
acoustiqiies 

I.es  questions  qu'on  sc  pose  pour  exploiter  Ics  rcsullals 
de  CCS  cssais  sont 


•  Sonl-ils  cxtrapolablcs  a  rcchcllc  1  du  fait  dc  la 
non-sirnilitudc  de  Reynolds. 

•  Sail-on  a  prion  implanicr  aux  points  Ics  plus  perti¬ 
nents  Ics  captcurs  dont  on  dispose  (du  fail  dc  Iciir 
cncombrcmcnt  cl  dc  Iciir  nombre  limilc) 

3.2.2.  Essais  en  soufflcric  avee  elements  structu- 
raux  reels  cn  parol  (tulle  recllc  ou  maquette 
li'ctude  dynamlquc  a  echclic  I) 

lls  sont  cte  cffeclucs  cn  placani  les  elements  a  tester 
eii  paroi  de  la  soiifllcrie  HST  du  NLR  (Mach  0.8  .i 
Mach  1.2).  voir  planchc  7 

L'n  dcncclcur  amoviblc  crcc  tin  sillage  liirbiilcnl  cn 
amoni  dc  la  mile  L'cpaisscur  dc  cciichc  limitc  est 
partiellcmcm  reglabic 

Cc  type  d'cssais  avail  2  buts ; 

•  Verifier  lc  componcment  au  Flutter  dcs  miles  ct 
valider  les  modelcs  dc  calcul  (dcflcctciir  cnlevii). 

•  Verifier  lc  comportement  acroacoustiquc.  On  s'est 
licune  It)  a  la  difficultc  d'cslimcr  la  rcprcscntativitc 
vis-a-vis  du  vol  dc  recoulcmcnt  cxtrcmcmcnt 
complc.xc  crcc  par  lc  deflccicur 

3.2.3.  E.ssals  aeoustlque.s  cn  tube  a  nndes  progres¬ 
sives  (T.O.P.)  (efrcctues  dans  I'installatlon 
dc  I'lABG,  voir  planchc  8) 

lls  ont  I’avantagc  d'etre  bcaucoup  moms  coiitcux  qiie 
les  precedents  mats  ils  prcscntcni  iin  probleme  inhe¬ 
rent  dc  rcprcscniativite 

Le  couplagc  acroclastiqiic  est  remplace  par  un  coii- 
plagc  acoustique  pur  avee  la  cavitd  du  T  O  P  cl  les 
longueurs  dc  correlation  dcs  prcssioiis  sont  bcaucoup 
plus  importanlcs  qii'cn  vol  Les  comportements  dcs 
tulles  cn  TOP  soul  differcnts  dc  ceux  observes  cn 
paroi  de  soiifllcrie  (voir  planchc  ')),  ce  type  de 
conslatation  a  aussi  etc  fail  avee  I'opcralion 
ACOUFAT  dc  la  CEE  ,  (voir  reference  7) 

On  pent  cependani  arriver  dans  cc  type  d'cssais  a 
riiglcr  rexcitation  pour  obicnir  approximativemeiit  im 
spectre  dc  reponse  donne  (acceleration,  effort  ou  con- 
Iraiiilc  interne)  en  un  point  clioisi  (lc  plus  critique  en 
pnncipc) 
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3.2.4.  Essais  sur  table  vibrantc 

Ils  sent  encore  moins  coutcu,\  que  Ics  precedents,  el 
comme  eux  ils  ne  peiivcm  etre  rcprcscnialifs  que  si  on 
regie  !e  montage  ct  rcxcilation  pour  obicnir  une 
reponse  interne  poncluclle  justifice  par  aillcurs 

3.2.5.  Es.sais  pailicis  clcmcntaircs  sur  vibreurs  nu 
macbincs  dc  fatigue  ".statiques" 

On  les  uttltse  pour  verifier  la  resistance  dcs  diffcrents 
details  slnicturau.x  critiques  (c.Ncmplc  attaches, 
depliemcm  local  dcs  bordurcs  du  panneau,  etc  ).  ccia 
a  partir  dc  spectres  dc  charges  locales  cstiincs  par 
aillcurs 

3.2.6.  Es.sais  cn  vol 

Les  mcsurcs  cn  vol  sont  les  nioycns  les  plus  fiabics 
pour  apprccier  les  effets  dcs  phenomcncs  aeroacous- 
tiques  sur  les  structures  oii  sur  les  cquipciueiiis 
(mesures  par  jauges  dc  contraintc  on  acccicromcircs). 
ccla  a  condition  d'avoir  su  placer  les  captciirs  au.\ 
cndroits  pertinents  (ce  qu'on  salt  fairc  sur  les  avions 
classiques  (piand  on  a  dccouvcrt  dcs  fissures  dc  fati¬ 
gue  acroacoustiquc). 

Pour  HEKMES  cettc  approclte  a  rinconvcnicnl  dc  ne 
fourmr  ties  informations  qu'apres  Ic  premier  vol,  ce 
qui  laissc  ouvert  Ic  problcmc  dc  la  quulificalioii  |)our 
cc  premier  vol 

4  STRrVIEGIE  D  ANALYSE  ET  DE  DEMONS- 
TR,\TION.  EXEMPLES 

On  doll  vi.scr  successivcnicm  2  objcciifs 

•  Supporter  les  clioix  dc  conception  du  vcliicule  cl 
doiincr  une  incihodc  dc  diiucnsionncmciil  mitialc 

•  Permetlrc  la  dciiionstralion  de  qualificatioii  dc  la 
solution  choisie 

t'omple  icnii  des  liiuites  dc  la  precision  el  dc  la  tepre- 
seiilaiivite  des  iiioscns  dc  calciil  el  d'es.sais  dispo- 
lubles  nous  soiiiiiics  conduits  a  gcrci  an  miciix  iin 
coinpioiiiis  eiilre 

•  des  surspccifications.  done  uii  siirdimcusioniie- 
mem.  plus  on  luoins  iiuponaiils 

•  la  coniplexile,  done  dcs  surcoiils.  des  puKediires 
de  calciil  ct  d'essais 


Nous  avons  proposes  les  3  phases  suivantes ; 

A.  Phase  prcparaloire 

Ellc  doit  sc  dcroulcr  nornialcmcnt  pendant  la 
phase  dc  conception  iniliale  du  vchiculc.  voire  la 
preceder ;  scs  objcctifs  sont  : 

•  La  reconnaissance  des  phenomcncs 

•  La  misc  au  point  dcs  mcthodcs  dc  calcul  cl 
dc  Icur  regie  d'ernploi 

•  La  misc  au  point  dcs  mcthodcs  d'essais 

•  La  demonstration  dc  faisabilitc  du  concept  dc 
tuilc  choisi  vis-a-vis  dc  I'acroacoustiquc,  les 
niveaux  d'excitation  acroacoustiquc  suppor- 
lablcs  (taux  d'cchangc  eiitrc  les  niveaux 
d'cxcilaiions  cl  la  masse  dcs  tuiles). 

•  La  dctcrnnnalion  dc  la  strategic  a  appliqucr 
pour  les  phases  suivantes  (dimcnsionnemcnt 
ct  qualificalion) 

Les  calculs  el  les  cssais  sont  elTcctues  sur  dcs 
dcssins  gcncriqucs  de  siruciiircs,  permettam  dcs 
etudes  paranictriqiies 

Partm  les  tiavaux  realises  dans  cetle  phase  sur 
les  liiiles  HLR^4ES  cilons 

•  L'idemilicalion  des  charges  acroacoiisiiqiies 
sur  niaquclle  ngide  (cf  5  3  2  1),  on  cn  tire 
aiissi  let  regies  pour  adapter  I'implaniation 
des  capieurs  en  fonction  dcs  plicnomencs 
decouverts  ct  pour  permettre  la  inesure  des 
corrclat  on.s  spaiiales  dcs  champs  dc  pres- 
Sion 

11  faul  terificr  que  la  dirfcrenec  de  nombre  de 
Revnolds  avec  Ic  vol  n'lnflue  pas  irop  sur  la 
position  dcs  chocs  el  des  decollcmcnts 
-  Par  cssais  ten  faisiinl  varicr  la  pression 
dyn  unique  dans  la  soulTlcrte) 

Par  calcul  (type  Euler  stalionnairc  • 
coii.lie  liiuite) 

•  Essais  dc  Units  eii  paroi  de  souineric  trails- 
soiiiqu;  (cf5  3  2  2),  calculs  corrcspondanls 
lineaircs,  linearises  el  non  lineaires 
tef  5  3  1) 

On  prc.senie  sur  la  planche  II  une  ssnihese 
de  CO  iiparaisons  relalivemenl  salislaisame 
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cntrc  cssais  cl  calcul  pour  I'analysc  dii 
Flutter. 

Oil  a  cssayc  dcs  tulles  volontaircmcnl  aiuin- 
cics  pour  rencontrer  1  instabilitc  dc  Flutter . 
du  Fail  dc  la  non-lincaritc  dc  membrane,  cllc 
sc  Iraduii  par  dcs  cycles  limites  .  on  remar- 
que  aussi  qu'cllc  cst  tres  sensible  a  la  surpres- 
sion  slatiquc  (la  reference  1 1  presente  ccs 
c.Npcricnccs  plus  cn  detail). 

Lcs  essais  ct  Ics  calculs  dc  la  mcme  conrij;u- 
ration  a\cc  line  turbulence  acroacoiistique 
ercec  par  im  deflccteiir  soiil  presentes 
planche 

L'eeoulcinent  acrodinamiquc  realise  cst  Ires 
complcxc.  on  arrive  cependant  a  rccoupcr 
passablcmciit  par  calcul  Ics  rcponscs  stmctii- 
rales  mesurees,  cn  partant  dcs  pressicns 
nicsiirecs  siir  un  element  dc  paroi  rigidc 

Essais  en  lube  a  ondcs  progressives  e!  calculs 
correspondants 

Oil  presenie  dcs  incsiircs  de  rcponscs 
plauehc  ')  On  constate  que  la  reponse  dc  la 
nieiiic  tulle  differe  scnsiblemcnt  cntrc  Ic 
TOP  ct  la  soufflcric  pour  dcs  puissances 
d'cxcitnlion  similaire  dans  Ics  octaves  sen- 
siblcs. 

Ccci  cst  cxpliquc  surtoul  par  la  difference  dc 
fonuc  spatialc  dcs  ciiamps  Jc  prcssion  .  dans 
Ic  T  OH  I  Is  soiit  praliqucmcnl  cn  phase  sur 
loutc  la  surface  d'unc  tulle  cl  Ics  modes 
“aiuisymcltiqiics"  nc  soul  pas  excites  (l.ors 
dcs  cssais  cn  soufflcric  avee  turbulence  ccs 
modes  aiUi-syiuctriqucs  claicnt  foricniciil 
excites,  cream  iioiaiiiiiiciit  dcs  donimai’.cs  dc 
fatigue  sur  Ics  attaches  dc  luilcs  dans  certains 
cas) 

Ccs  cssais  cl  calculs  acroacousliqucs  com- 
plcls  out  etc  precedes  d'analyse  cl  d'cssais 
plus  siiiiiilcs  servant  a  valider  lcs  modclcs 
clasliqucs  ct  dviiaiui(|ucs  dcs  luilcs  cl  a  exa- 
iiiinci  I'liilliiciicc  dc  lous  Icurs  paramclics  dc 
conccpiioii  icxeiiipics  coiitbiirc  du  paniicau. 
iialurc  du  bloc  il'isolanl.  ticrmcabiliic  du  svs- 
Iciiic  dciaiichcilc,  I.  ciioiis  paiiiii  ccs 
eludes 


•  la  reponse  sous  chargcmcnl  slatiquc 
(llcclic,  deformation,  frequence, 
cf  planche  4) 

•  lcs  mcsurcs  dcs  frequences  cl  dcs  formes 
iiiodalcs  (a  scrsi  cn  particiilicr  a  dclcr- 
niincr  lcs  aiiiortisscincnts  sirucluraiix) 

Quand  Ic  projet  HERMES  a  etc  abandoiinc  nous 
avioiis  globalcniciit  atlcinl  la  fin  dc  ccllc  phase  prepa- 
raloirc  pour  I'analysc  acroacoustique  dcs  luilcs, 

L'organisation  proposcc  pour  lcs  clapes  siilvantcs 
riisullc  dc  I'cxpcricncc  acqiiisc 

B.  Support  dc  la  conception  du  dlmeiisioiiiicmciil  ct 
dc  la  aiialification  avant  lcs  premiers  vols  liiha- 
biles' 

On  propose  l'organisation  dcs  trav  aiix  srhcniati- 
scc  planche  12  .  ellc  cst  foiidcc  sur  lcs  principes 
siiivanls 

•  Emblisscmcnl  dcs  charges  acroacoustiqucs  dc 
dimciisiomiemcnt 

-  .Mesiirc  cn  soufflcric  dcs  prcssions  acro- 
acousliqiics  sur  iiiaqiictlc  rigldc  a  cchclic 
rcdiiitc,  a  la  forme  "riiialc  '  ,  vcriricatioii 
dc  I'lnflucncc  du  iioiiibrc  dc  Reynolds  par 
cssais  Cl  par  calcul  dc  couchc  liiniic 

-  Imerprcl.ilion  dcs  mcsurcs  pour  obtciiir 
dcs  speciricalions  dc  "charges  linulcs" 
acroacousliqucs  sur  loiitcs  Ics  /ones  du 
vchiciilc  Elies  soul  dcfiiiics  sous  forme 
dc  combinaisons  dc  spccircs  (ci  d'uiicrs- 
pccircs,  voir  ^  .S)  dc  nucliiaticii  dc  prcs¬ 
sions,  dc  surprcssions  sialiqucs  locales,  cl 
dc  cas  dc  charges  "gcncraiix''  dcfoimaiil 
la  sous-siructurc 

On  don  dcmoiilrcr  ipar  calcul)  que  ccs 
cas  dc  charges,  base  du  dimciisioiiiic- 
niciil.  cnvcloppcnl  dc  fayoii  raisomiablc- 
mem  coiiscrv.ilivc  la  rcaliic 
Si  Ics  s|Kcificalious  acio.icousliqucs  sc 
lev  clem  irop  (viialis.iulcs  il  lain  ciiidici 
dcs  modilic  moils  dcs  loiiiics  gciici.ilcs  du 
vcliiciilc 

•  Dimcnsiomicmciil  d'ciiscmhlc  vies  luilcs  cl  ilc 
la  siruciiirc  adiaccnlc 


'  Dciiiict  sccnaiio  dc  la  logiqiic  dc  ilcvclop|)cnicm  du 
pio|cl  Hcimcs 
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II  parail  souhaitablc  quc  le  dimcnsionncmciit 
correspond;  a  dcs  spcciricatioris  vcnfiablcs 
cn  cssais  au  sol,  cc  qui  conduit  aux  iravaux 
suisanls 

-  Definition  d'eprouvettes  ct  dc  procedures 
d'essais  dc  qualification  au  sol 

Cc  sont,  pour  plusicurs  zones  dc  I'avion 
dcs  caissons  representatifs  dc  la  sous- 
structurc  revetus  par  dcs  tuilcs  qiii  siibi- 
ront  simultancincnt  ou  succcssivcmcnt  un 
ensemble  de  sollicilaiions  mccaniques  cl 
thermiques  L'environnement  acroacous- 
tiquc  devrait  ctre  justific  la  par  des  essais 
sur  table  vibranic  et/ou  cn  T  O  P 
On  doit  reclierchcr,  cn  sc  basant  sur  Ics 
calculs,  des  conditions  d'essais  niajoraiit 
au  plus  juste  les  conditions  dc  vol 
Le  diniensionnemcnt  des  luilcs  ei  de  la 
stnicturc  adjacente  corrcspoiidta  a  ccs 
conditions  conservatives  dcs  cssais  an  sol 

•  Dinicnsioiincmcnt  des  coinposanis  des  tiiilcs 

Pour  limiter  les  risques  dc  decouvertes  tar- 
di\cs  dc  difficultc  lors  dcs  cssais  d'ensem- 
bles,  on  propose  uiic  approclic  sirailairc  a  la 
prcccdcnte 

-  Definition  dc  conditions  d'essais  cleiiicn- 
laircs  (essais  dc  fatigue  quasi  slaliquc,  pot 
vibrant,  T  O  P  )  pour  les  composaiils  dcs 
tulles  (panneau,  isolant,  joints,  atlaclics, 
etc  ),  qui  desienneiit  dcs  specifications 
de  diiiiensionncnieni 

Ccs  conditions  d'essais  elcmcntaircs  sont  eta- 
blies  par  calculs  coiiiparattfs  avec  celles  dcs 
cssais  d'ensemble 


Le  retour  dcs  essais  elcmcntaircs  perinci  des 
Iterations  dc  diiiiciisionnemcnt .  les  cssais 
d'ensemble  sont  pliilbl  presus  pour  iic  parti- 
cipei  qu'a  la  qualification  pour  les  preinicrs 
vols  (inliabiiesi  cl  a  la  deniunstialion  de  vali- 
due  a  posteriori  des  niodcics  dc  calciil  as  ant 
sen  i  a  les  defiiiir 

H,  t'ualijiauon.fiiiilli  poijr  jes  ygls  listiiies^ilerivee 

des  fssjis  sn  \pl 

Cel  approclic  relali'ciiient  coiiipicxe  de  qiialifi- 
c.ilioii  par  iiiibricatioii  de  calciil  ct  d'ess.iis 
s'aiiluNalidaiii  siii  pliisieiiis  iiiveaiiv  coiiiporle 
des  risques  de  delaillaiice  qii'on  pent  nc  luucr 
.icceplabic  qite  pour  iiii  sol  iiili.ilHle 


Pour  qualifier  finalcmcnt  le  vehiculc  pour  les 
sols  habites  il  parait  haulemcni  souhaitablc  dc 
validcr  la  conscnativitc  dc  I'cnscmblc  dc  la  pro¬ 
cedure  dc  diincnsionncmcnt,  cl  surtoul  ccllc  du 
modclc  dc  charges  acroacousliqiics,  par  rccou- 
pement  ascc  les  mcsurcs  clTcctuccs  pendant  les 
premiers  vols  automaliques. 

L'etude  de  I'lmplanialion  de  I'instailalion  d'essais 
pertinente  (acccicrometrcs.  jauges  dc  con- 
iraintcs,  captcur  dc  prcssion,. cst  iin  problcmc 
difficile  qui  doit  ctre  supportc  par  dcs  techniques 
dc  calcul  inverse 

5.  RECllERCHES  ET  DEVELOPPEMENTS  A 
MENER 

Au-dcla  dc  rachcvcmcnt  dc  la  misc  an  point  dc  la 
procedure  d'analysc  acroacoustique  presentee,  il  esi 
souhaitablc  de  mencr  iin  certain  noinbre  de  rcchcrches 
el  dc  dcseloppcmcnts  pour  cn  conipcnscr  les  laciincs, 
cilons  enirc  autre 

•  Le  perfectionncmeni  dc  I'analyse  de.s  charges 

A  long  lerinc  il  pourrail  rcsuller  dc  la  resolution 
de  Tcqualion  dc  Navicr  Stokes  instationnairc  Hi 
coin  admissible)  A  plus  court  terme,  on  souhaitc- 
tail  I’cUablisscmcnl  d'une  banque  dc  doiinec  dc 
modelcs  empiriqiics  dc  disiribiiiion  de  source  liir- 
biilcnie  cn  aval  dc  defaiils  dc  fuiinc  l\  piques ,  ccs 
modelcs  scim-analsliqucs  seraiciit  calibres  sur  les 
cssais  en  soufflcrie  par  calcul  inverse 

Ccs  modelcs  foutiiiraieni  direciciiieni  la  disiribii- 
lion  spaiialc  el  I'liiiciisiie  des  sources  iiitbiilenics, 
cc  qui  eviieraii  les  mesiires  complexes  el  le  manic- 
mem  iti's  dclicai  des  champs  de  prcssion  a  la 
paroi 

t'cs  procedures  de  calcul  inverse,  peniieilani  de 
reinoiiter  aux  charges  aeroacousiiques,  a  partir  des 
mcsurcs  de  lepoiises  siiuciiiiales.  sont  aiissi  a 
meitte  au  |X)iiU  pour  exploiter  les  incsiitcs  cn  lol 
icomme  nous  le  faisoiis  pout  les  charges  qiiasi-sia- 
tiqiie,  voir  reference  13) 

•  La  teclietclic  vie  procedes  (wut  etecr  eii  voufllciie 
des  excilalioiis  tcpieseiiialivcs  dcs  cliatges  aeio- 
acoiisiiqiies  reelles.  dans  le  cas  dcs  cssais  dele- 
iiieiiis  siriiciiit.iux  a  ecliellc  I 

•  I  e  perfcclionnemeiil  vies  iiivideles  siiiietiiiaiix  .  il 
est  eii  paniciiliei  itidis|)eiis,ible  si  on  s'liiieiesve  a 
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l:i  propagation  dcs  vibrations  dans  rensciub!"  dii 
vchiculc  ,  on  tronvcra  la  toutcs  Ics  difficultcs  d  is 
inodclisations  structurales  dans  la  gammc  dcs 
moyenncs  frequences  (voir  reference  4) ,  un  des 
problcntes  majeurs  Cat  ta  comprehension  exacte 
puis  la  modclisation  dcs  phcnomencs  dc  dissipa¬ 
tion  de  I'cnergic  qu'on  cache  dcrncrc  le  mot 
"Matrtcc  d'Amortissemcnt  Stniciural" 

(>.  CONCLLSIONS 

l.e  debut  d'cxperience  qu'on  a  acquis  avec  Ics  etudes 
aeroacoustiqucs  HERMES  montre 

•  qu'on  nc  dispose  aujourd'hui  d'aucun  moycn  dc 
ealcul  ou  d'essais  permetlant.  a  lui  seul.  dc  jiistificr 
la  resistance  structural  aux  ctTets  aeroacoustiqucs 
a\  ant  les  essais  en  vol 

•  qiie  ccrtaincs  ai  proches  classiques  coinmc  la  qua¬ 
lification  exclusivenient  par  cssais  cn  chambre 
res  erberante  ou  en  T  0  P  sont  illusoires,  du  fait 
de  l  abacnce  d'un  couplage  aeroclasiique  cotreclc 
ct  sunout  a  cause  d  une  representation  erronec  des 
champs  dc  pression  aeroacoustiqucs 

•  t|u'uiic  procedure  de  dimeiisioniicmciit  cl  dc  quali- 
ftcation  rationiielle  est  cependant  possible  asec  les 
inosens  aciuels.  en  encliainani.  coniine  on  I'a 
montre  les  csstiis  ei  Ics  calculs  ei  en  accepiam 
d'escmuels  surdimensiomteiiienis  locaux  dus  aux 
marges  prises  pour  garanlir  la  cunscrxalisiie  dc  la 
procedure 

•  que  les  rnoiens  d'analsse  ei  I'expeiiencc  acliicllc 
pcritiellent  d'esaluer  les  ris<|ues  des  le  delnil  du 
projci.  a  condition  de  disposer  dc  niesuics  dcs 
charges  aeroacoustiqucs  par  essais  en  soullleric 
I  n  cas  de  dinicultes  il  est  alors  possible  dc  trailer 
le  problenie  a  sa  source  en  'irasaillanf  les  formes 
.lerodMiamiquei  dc  I'asion 

N''U5  constatons  qiK  ces  conclusions  re)oigncni  celles 
de  I'opeiation  ACllL'HAT  menees  par  la  C  F.  F  tsoir 
lelercncc  on  s  son  en  parliculier  les  grosses  difTc- 
renecs  dc  coinportemcni  d'une  mime  siruciiiie  placce 
suc>.cssi\enicni  en  piroi  de  souflleric  el  en  TOP 
asec  des  spcclics  d'cxcilalion  acousiiquc  cn  piincipc 
eqtiis  aicnis 
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1.  SUMHART 

An  aircraft  waapons  bay  exposed  to 
freestream  flow  experiences  an  Intense 
aeroacoustlc  environment  in  and  around 
the  bay.  Experience  has  taught  that 
the 

intensity  of  this  environment  can  be 
severe  enough  to  result  in  dasuge  to  a 
store,  its  internal  equipment,  or  the 
structure  of  the  weapons  bay  Itself. 
To  ensure  that  stores  and  sensitive 
Internal  equipment  can  withstand  this 
hazardous  environment  and  successfully 
complete  the  mission,  they  must  be 
qualified  to  the  most  severe  sound 
pressure  levels  anticipated  for  the 
mission.  If  the  qualification  test 
levels  are  too  high,  thr  store  and  Its 
Internal  equipment  will  be 
overdesigned,  resulting  in  unnecessary 
costs  and  possible  performance 
penalties.  If  the  qualification  levels 
are  below  those  experienced  In  flight, 
the  store  or  Its  Internal  equipment  may 
catastrophioally  fall  during 
performance  of  the  mission.  Thus,  it 
Is  desirable  that  the  expected  levels 
in  weapons  bays  be  accurately 
predicted. 

A  large  number  of  research  efforts  have 
been  directed  toward  understanding 
flow-induced  cavity  oscillations. 
However,  the  phenomena  are  still  not 
adequately  understood  to  allow  one  to 
predict  the  fluctuating  pressure  levels 
for  various  configurations  and  flow 
conditions.  This  Is  especially  true  at 
supersonic  flow  speeds,  where  only  a 
small  amount  of  data  are  available. 
This  paper  will  give  a  background  of 
flow  induced  cavity  oscillations  and 
discuss  predictions,  control  and 
suppression,  and  the  future  of  weapons 
hay  acoustic  environments, 

2 .  BACKGROUND 

The  study  of  flow  induced  cavity 
acoustic  environments  which  relate  to 
aircraft  weapon  bays  date  back  to  the 
mid  1950s  when  Roshko  (1)  and 
Krishnamurty  (2)  conducted  research  in 
this  area.  Roshko  varied  the  cavity 
dimensions  systematically  while 
obtaining  the  time  averaged  effects  in 
the  cavity.  He  measured  the  pressure 
on  the  walls  and  floor.  A  single 
vorte.x  was  seen  to  exist  for  the 
shallow  case.  For  very  shallow 


configurations  he  noted  that  the  shear 
layer  reattached  to  the  cavity  floor. 
This  observation  has  been  repeated  many 
times  in  more  recent  studies  of  very 
shallow  cavities.  As  missiles  became 
longer  and  smaller  diameter,  the  need 
for  shallower  weapon  bays  arose. 
Roshko  noted  that  the  impingement  of 
the  shear  layer  on  the  downstream  wall 
of  the  cavity  was  the  cause  of 
Increased  drag  which  occur  with  open 
cavities.  Karamchetl,  conducting  his 
research  at  about  the  same  time  as 
Roshko,  studied  rectangular  cavities 
exposed  to  free  stream  Kach  number 
flows  of  0.25  to  1.5,  He  actually 
obtained  sound  pressure  levels  from  his 
tests  with  levels  as  high  as  160  dB 
being  observed.  An  Important 
observation  made  by  Karamchetl  was  that 
there  Is  a  minimum  cavity  length  at 
which  the  shear  layer  will  span  the 
opening  and  not  Impinge  on  the 
downstream  wall  of  the  cavity,  thus  not 
resulting  In  acoustic  resonance.  This 
Is  the  physical  basis  of  control  of  the 
high  acoustic  environment  in  cavities. 
If  the  shear  layer  can  be  made  to  span 
the  cavity,  or  reattach  at  a  stable 
stagnation  point,  no  feedback  process 
Is  established  and  hence  no  resonance. 

One  of  the  most  referenced  historical 
works  In  the  flow  Induced  cavity 
acoustic  area  Is  that  of  Rosslter  (3) . 
He  made  measurements  of  the  time 
average  and  unsteady  pressures  on  the 
"roof"  (or  floor)  and  behind  a  series 
of  rectangular  cavles  set  In  the  roof 
of  a  2  foot  by  1.5  foot  transonic  wind 
tunnel.  Data  for  cavities  with 
length-to-depth  ratios  from  1  to  10 
were  presented  for  Kach  numbers  from 
0.4  to  1.2.  His  major  conclusions  were 
shallow  cavities  (L/D>4)  produce  mainly 
broadband  acoustic  spectra  and  deeper 
cavities  (L/D<4)  produce  a  periodic 
tone.  The  periodic  tone  was  attributed 
to  acoustic  resonance  in  the  cavity  and 
excited  by  a  phenomenon  similar  to  that 
causing  edge  tones.  The  amplitude  of 
the  periodic  tone  ca.i  be  as  larger  as 
0.35  times  the  free  stream  dynamic 
pressure.  Ke  also  investigated  methods 
to  suppress  the  periodic  fluctuations 
and  concluded  that  they  m.ay  be 
suppressed  by  placing  a  small  spoiler 
ahead  of  the  cavity.  The  only 
explanation  given  as  to  why  a  spoiler 
is  effective  is  that  it  thickens  the 
boundary  layer.  He  is  most  referenced 
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because  of  his  equation  to  predict  the 
possible  resonant  frequencies  In  an 
open  cavity.  Even  today  It  Is 
referenced  often  as  the  "Rosslter 
Equation"  and  gives  a  very  good 
prediction  of  the  resonant  frequencies 
In  a  cavity.  If  the  correct  phase  and 
convection  terms  are  used.  The 
equation  will  be  preaentod  later  In  the 
paper . 

Plumbee  et  al  (4)  conducted  theoretical 
and  experimental  Investigations  of  the 
flow  Induced  cavity  acoustic  problem. 
A  detailed  analytical  prediction  method 
was  developed  based  on  the  radiation 
Impedance  of  the  cavity  opening.  A 
table  of  radiation  resistance  and 
reactance  was  provided  to  utilize  the 
method.  It  Is  an  Iterative  approach 
and  does  not  readily  converge.  The 
method  has  not  been  referenced  in 
subsequent  publications  mainly  due  to 
the  difficulty  In  use  of  It.  They  also 
conducted  extena '.ve  experimental  tests 
on  cavities  obtaining  wind  tunnel  data 
for  Mach  numbers  from  0.2  to  S.O.  The 
major  conclusions  were  that  the 
acoustic  levels  t«ere  higher  In  the  rear 
of  the  cavity,  width  has  little  effect 
on  acoustic  levels,  and  there  exist  an 
onset  Mach  number  below  which  the 
cavity  tones  are  not  excited.  Smith 
and  Shaw  (5)  formulated  an  empirical 
acoustic  predictions  method  which  was 
based  on  an  extensive  flight  test  data 
base.  The  method  predicts  the 
frequency  snd  amplitudes  of  the  first 
three  acoustic  modes  in  the  cavity  as 
well  as  the  broadband  spectrum  level. 
The  prediction  method  also  gives  the 
spatial  distribution  of  the  modal 
energy.  It  Is  easy  to  use  and  gives  a 
good  first  order  prediction  of  the  flow 
Induced  levels. 

Heller  and  Bliss  (6)  contributed  a 
better  understanding  of  the  cavity 
oscillation  phenoneon  through  their 
water  table  visualization  test.  The 
moving  pressure  waves  In  the  cavity 
were  clearly  visible  In  the  experiment. 
A  video  of  the  results  was  made. 
Analytical  work  as  well  as  experimental 
tests  were  conduct*  1.  Small  and  large 
scale  wind  tunnel  test  were  performed 
for  cavities  with  1,/D  ratios  between 
2.3  and  5.1  for  a  Mach  number  range  of 
C.2  to  2.U.  The  analytical  work 
yielded  a  theory  that  predicted  only 
the  lowest  pressure-mode  shape  and 
failed  to  predict  the  higher  modes. 
This  inadequacy  was  believed  to  be 
caused  by  the  omission  of  the  effect  of 
shear  layer  thickness  In  the  analytical 
model.  The  wind  tunnel  test  results 
yielded  mode  shapes,  temperature  data, 
consecutive  cavity  effects  and 
suppression  effectiveness.  Cavity 
internal  pressure-mode  shapes  were 
determined  for  the  first  three  modes 
and  for  Che  range  of  2.3  <  L/D  <5.1. 


In  all  cases,  definite  amplitude  minima 
were  observed;  however,  they  were 
qualitatively  displaced  In  the  upstream 
direction.  In  all  cases,  a  pressure 
maximum  appeared  at  the  leading-edge 
bulkhead  Indicating  that  this  surface 
acts  as  a  "hard-reflecting  wall."  In 
contrast,  pressure  anylltude  maxima 
were  observed  a  small  distance  upstream 
of  the  tralllng-edge  bulkhead;  this 
Indicates  that  acoustically  the 
trailing  edge  is  undefined  because  of 
the  violent  flow  patterns.  In  this 
study,  mode  shapes  were  obtained  that 
differ  from  Chose  observed  In  Air  Force 
flight  tests,  however.  In  the  latter 
experiment,  mode  shapes  were  determined 
on  the  cavity  floor,  while  in  the 
former  experiments,  mode  shapves  were 
determined  within  the  cavity  volume. 
Thus,  dependence  of  mode  shape  on  the 
vertical  position  in  the  cavity  seems 
to  exist;  this  Issue  needs 
clarification. 


Experiments  on  consecutive 
geometrically  Identical  cavities  reveal 
Chat  they  are  strongly  coupled  and 
resonate  In  phase.  The  Kach  number 
dependence  of  mode  levels  for 
consecutive  cavities  was  found  to 
differ  from  that  of  single  cavities. 
However,  this  may  be  because  of  the 
differing  length-to-wldth  ratio  of  the 
single  and  the  double  cavity  system. 
Mhlle  resonant  frequencies  are 
essentially  determined  by  the  cavity 
length,  mode  levels  seem  to  be  affected 
by  the  relative  cavity  width.  This 
problem  has  not  been  studied  and 
requires  further  research. 

Of  the  various  ways  to  affect  the 
oscillation  process.  Introduction  of 
vortlclty  into  the  shear  layer  and  the 
provision  of  a  slanted  tralllng-edge 
bulkhead  were  found  to  have  a 
stabilizing  effect  on  Che  external  free 
shear  layer.  Oscillation  ang>lltudea 
can  be  minimized  solely  by  a  slanted 
tralllng-edge,  over  a  Kach  number  range 
of  at  least  0.8  to  2.0,  for  cavities 
with  length-to  depth  ratios  above  4. 
Cavities  with  a  length-to-depth  ratio 
below  4  require  the  addition  of 
upstream  vortex  generators  (spoilers), 
which  further  reduce  resonant 
amplitudes . 

Shaw  and  Smith  (7)  presented  results  of 
a  full  scale  flight  test  of  an 
Instrumented  store  in  a  weapons  bay. 
The  aircraft  was  an  F-111  and  the  store 
was  a»BDU-6/B  Instrumented  with  21 
microphones.  Data  were  recorded  for 
altitudes  of  3,000.  10,000,  and  30,000 
feet  and  Mach  numbers  from  0.75  to  1.3. 
The  results  showed  that  the  acoustic 
levels  on  the  store  scale  with  free 
stream  dynamic  pressure.  The  levels  on 
the  store  increased  toward  the  rear. 
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There  are  significant  circumferential 
variations  in  the  acoustic  levels  at 
different  longitudinal  locations. 

Shaw  (8)  presented  results  from  a 
flight  test  for  suppression  of  the 
cavity  Internal  acoustic  levels. 
Numerous  leading  edge  and  trailing  edge 
suppression  devices  were  flight  tested. 
Excellent  suppression  results  were 
obtained  for  simple  leading  edge 
spoilers  and  rear  bulkhead  ramps . 
Nearly  30  dB  suppression  was  obtained 
for  the  best  configuration.  The  list 
of  references  of  work  related  to  open 
cavities  is  vary  long.  Only  a  small 
percent  of  even  the  major  efforts  are 
referenced  in  this  paper.  As  an 
example  of  the  large  numlMr  of  reports 
presenting  results  related  to  aircraft 
cavity  flow,  in  1982  Betry  and  Rohrer 
(9)  compiled  a  survey  containing  144 
references  on  this  subject.  Since  then 
at  least  another  SO-100  have  been 
published.  Thus  only  high  relevancy 
efforts  are  referenced  herein. 

Two  additional  survey  papers  should  be 
mentioned  because  of  their  broad 
nature.  Komerath  et  al  (10)  in  1987 
presented  a  survey  on  the  prediction 
and  measurment  of  flow  over  cavities. 
Their  paper  addressed  all  aspects  of 
the  flow  induced  cavity  environment 
problems.  Then  in  1992  Cholcani  (11) 
also  published  a  survey  paper  on  flow 
Induced  oscillation  in  cavities.  It  is 
not  as  in  depth  as  Komerath  but  it  has 
merit  since  it  Included  a  discussion  on 
computational  predictions  and  turbulent 
modeling . 

3 .  CXVXTt  OCrXNXTZON 

An  aircraft  weapons  bay  with  its  doors 
open  constitutes  an  open  cavity.  Since 
most  bombs  or  missiles  are  long  and 
slender,  most  weapon  bays  are  long  and 
shallow  relative  to  their  length.  The 
main  parameter  used  to  characterize  a 
cavity  is  its  length-to-dept  (L/D) 
ratio.  When  the  L/D  ratio  is  greater 
than  1  it  is  considered  deep.  The 
justification  for  this  classification 
is  that  when  I,/D>1  the  response  in  the 
cavity  is  longitudinal,  in  the 
direction  of  free  stream  flow,  and 
when  L/D  <1  the  response  is  in  the 
depthwise  direction. 

Another  fairly  recent  description  of 
cavities  is  that  of  being  open  or 
closed.  This  does  not  refer  to  a 
cavity  with  or  without  an  opening  but 
how  much  the  shear  layer  is  deflected 
into  the  cavity.  When  the  shear  layer 
spans  the  cavity  opening  the  cavity  is 
considered  open,  but  when  the  cavity  is 
long  enough  or  shallow  enough  for  the 
shear  layer  to  reattach  to  the  cavity 
floor,  the  cavity  is  referred  to  as 


being  closed.  For  those  in  between  the 
two,  it  is  called  transitional.  Figure 
1  shows  the  three  types  of  cavities. 

Plentovich  et  al  (11)  defines  the  three 
regions  in  terms  of  L/D  ratio  as  being 
open  for  L/D<  6-8,  transitional  for 
L/D-7-14,  and  closed  for  L/D>9-15  .  The. 
fairly  wide  bands  are  necessary  because 
the  shear  layer  deflection  is  very 
sensitive  to  Mach  numbers. 

The  flow  of  a  fluid  over  a  cavity  has 
been  divided  into  three  basic  types  by 
Rockwell  and  Naudascher  (12) .  The . 
three  types  are  fluid  dynamic, 
fluid-resonant,  and  fluid  elastic  and 
are  illustrated  in  Figure  2.  Basically 
the  fluid  dynamic  case  does  not  contain 
acoustic  standing  waves  in  the  cavity 
idtlle  the  fluid-resonant  case  does  and 
they  tend  to  control  the  shear  layer. 
The  fluid-elastic  case  alssply  is  flow 
over  a  cavity  with  at  least  one  of  the 
walls  elastic.  For  practical  cases 
such  as  an  aircraft  weapons  bay  it  is 
very  difficult  to  select  any  one  case 
to  represent  the  actual  phenomenon 
since  features  of  all  three  are  usually 
present . 

4.  ocsdumoM  or  rasMeMmoH 

The  flow  induced  weapons  bay  acoustic 
phenomenon  has  been  described  by  many 
authors  such  as  in  Reference  2,  3.  S, 
6,  12.  In  some  references  vortices  ate 
observed  to  be  shed  at  the  leading  edge 
of  the  cavity  and  others  no  vortices 
are  observed  even  though  strong 

acouitlc  tones  are  generated  in  the 
cavity.  Whether  or  not  vortices  are 
formed  Is  not  as  ln^ortant  as  the 
interaction  of  the  shear  layer  at  the 
downstream  wall.  This  is  where  the 
source  of  the  acoustic  energy  is 
located.  The  basic  phenomenon  is  shown 
is  Figure  3.  As  the  shear  layer 

separates  at  the  leading  edge, 

instabllles  are  inherent  and  tend  to 
grow  as  they  travel  down  stream.  At 
any  longitudinal  location  the  shear 
layer  appears  to  be  moving  in  a 
transverse  direction,  thus  at  the 
trailing  edge  it  is  moving  in  and  out 
of  the  cavity  periodically  impinging  on 
the  rear  wall.  When  it  is  impinging  on 
the  rear  wall  mass  is  added  to  the 
cavity  and  then  as  the  shear  layers 
move  out  of  the  cavity  mass  is 

withdrawn  from  the  cavity  through 
entralniaent .  Also  during  the 

impingement  process  a  high  amplitude 
pressure  wave  is  generated  which 
travels  forward  until  it  reaches  the 
front  wall.  At  that  point  it  reflects 
and  starts  to  travel  towards  the  rear 
wall  but  also  Imparts  energy  into  the 
shear  layer.  As  seen  in  the  figure 
there  are  fore  and  aft  travelling  waves 
which  establish  a  standing  acoustic 
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which  establish  a  standing  acoustic 
mode.  Several  orders  of  standing  modes 
have  been  measured  is  cavities  as  shown 
by  Shaw  (8) .  As  the  process  of 
trailing  edge  impingement  and  forward 
traveling  waves  continues,  a  feedback 
cycle  is  established.  When  the  cycle 
time  for  the  acoustic  wave  and  the 
convective  cycle  of  the  shear  layer 
coincide,  a  strong  resonance  occurs  in 
the  cavity. 

5.  EXAMPLES  OF  ENVIRONMENT 

An  example  of  the  acoustic  environment 
in  the  B-IA  weapons  bay  is  shown  in 
Figure  4.  The  amplitudes  of  the 
resonant  modes  are  well  above  the 
broadband  level  for  the  first  four 
modes.  The  spectrum  level  of  the  first 
mode  is  seen  to  be  155  dB  which  is  high 
enough  to  cause  structural  damage  in  a 
very  short  time.  The  first  mode 
frequency  is  18  hertz  and  the  second 
mode  is  approximately  45  hertz.  These 
low  frequencies  can  easily  coincide 
with  structural  resonant  frequencies 
and  thus  cause  structural  resonant 
response  and  possibly  failure.  Spectra 
from  the  F-111  are  shown  Figure  5.  The 
acoustic  modes  do  not  appear  as  broad 
as  In  Figure  4  because  these  spectra 
are  1/3  octave  band  and  each  tone 
Includes  a  wider  band  of  energy. 
Caution  must  be  used  to  compare  the  two 
data.  If  the  tone  is  at  least  ten  dB 
above  the  broadband  level  in  1/3  octave 
band  data,  one  can  safely  assume  that 
the  peak  level  is  close  to  the  spectrum 
peak  of  the  same  data.  The  second  mode 
peak  in  Figure  5  is  161  dB  but  the 
equivalent  spectrum  level  would  be 
approximately  159  dB.  This  is  an 
extremely  high  level  and  will  cause 
damage.  The  other  spectrum  in  the 
figure  will  be  discussed  later.  Based 
on  the  spectra  from  those  two  aircraft 
the  need  for  understanding  the 
phenomenon  and  controlling  the 
amplitudes  is  readily  evident. 

6.  PREDICTION 
6 . 1  Frequency 

In  the  design  stage  of  an  aircraft  it 
is  necessary  to  be  able  to  predict  the 
environment  and  loads  that  the 
structure  and  equipment  must  be 
designed  and  qualified  for.  The 
environment  in  the  weapons  bay  includes 
the  frequency  of  the  acoustic  modes, 
amplitudes  of  the  modes,  and  the 
broadband  level.  There  have  been  many 
methods  developed  to  predict  the  cavity 
flow  induced  acoustic  «nvironment  but 
only  a  few  of  the  more  useable  and 
typical  examples  will  be  discussed. 

Prediction  of  the  resonant  acoustic 
frequencies  has  been  addressed  at  least 


an  order  of  magnitude  more  than  the 
amplitude .  The  most  referenced  and 
utilized  method  for  predicting  the 
frequencies  is  the  so  called  Rossiter 
(3)  equation.  The  equation  is: 


Uoo  m  a 

^  M»/(l  +  lyiMi)"'’  +  l/X. 


where  It  is  a  phase  lag  term,  y  is  the 
ratio  of  the  specific  heats,  and  ,  is 
the  convection  speed  of  the  ouear 
layer.  The  equation  is  derived  by 
assuming  the  complete  cycle  time  is  the 
sum  of  the  downstream  convection  time 
and  the  upstream  acoustic  propagation 
time  along  with  a  phase  lag  of  a 
between  the  two . 

Rossiter  observed  a  convection  velocity 
of  0.57  and  showed  that  the  phase  lag 
varies  from  0.25  for  L/D=4  to  0.58  .for 
an  L/D  of  10.  However,  all  h,1s  deta 
agree  fairly  well  with  using  a  =  0..25 
inspite  of  the  wide  variation  in  actual 
averaged  values  of  a  he  presented. 
Much  of  the  data  obtained  since  his 
work  illustrate  the  need  to  use  his 
recommended  phase  lag  values.  A 
comparison  of  flight  and  wind  tunnel 
data  with  the  Rossiter  equation  is 
shown  in  Figure  6.  The  agreement  is 
acceptable  but  could  be  Improved  at  the 
lowest  frequency  if  the  different  phase 
lag  values  offered  by  Rossiter  were 
used.  It  should  be  noted  that  as  the 
mode  number  Increases  the  sensitivity 
of  the  equations  to  the  phase  lag  term 
decreases  significantly.  But  since  the 
second  mode  is  normally  the  highest 
level,  the  phase  lag  value  should  not 
be  assumed  constant .  There  have  been 
several  attempts  to  refine  both  the 
phase  lag  and  convective  term  in 
Rossiter's  equation.  One  attempt  by 
Kaufman  et  al  (13)  derived  a  table  of 
values  for  the  convective  term  from 
their  data  and  used  the  table  of  values 
given  by  Rossiter  for  the  phase  term 
and  then  compared  predicted  values  with 
their  measured  values.  Only  minor 
improvement  was  noted.  Others  (14,  15) 
have  looked  at  the  acoustic  eigenmodes 
of  the  cavity  assuming  hat  the 
radiation  loss  of  the  opening  was  very 
low. 

The  solution  of  the  two  dlmonslonai 
WdVe  equation  is  given  in  Ref.  (14)  and 
is 
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is  where  the  speed  of  sound  in  the 
cavity  and  the  ordered  integers  (m,  h) 
denote  the  longitudinal  (L)  and  the 
transverse  (d)  mode  nximbers, 
respectively.  Some  of  these  modes  ate 
shown  together  with  the  data  in  Figure 
7 .  Only  a  few  data  points  agreed  with 
the  cavity  acoustic  mode  calculation. 
In  reality,  the  radiation  loss  through 
the  open  end  is  very  significant  unless 
Xi/d  «  1.  The  net  effect  of  using  more 
appropriate  radiation  boundary 
condition  is  to  change  the  effective 
depth  of  the  cavity  resulting  in  a 
shift  of  the  curves. 

Considering  the  numerous  research 
efforts  which  addressed  frequency 
prediction,  the  Rosslter  equation,  with 
the  moat  accurate  phase  and  convection 
term  available,  will  result  in  as 
accurate  prediction  of  the  resonant 
frequencies  as  any  other  method. 

S.2  Anplltude 

Prediction  of  the  amplitudes  of  the 
weapons  bay  or  cavity  acoustic 
environment  la  much  more  difficult  than 
predicting  the  resonant  frequencies, 
une  of  the  earliest  theoretical 
amplitude  prediction  methods  was 
presented  by  Plumblee  et  al  (4) .  The 
method  relies  on  the  calculation  of  the 
radiation  impedance  of  the  cavity 
opening  and  then  solving  the  wave 
equation  with  the  other  five  sides  of 
the  cavity  havl.ng  infinite  imperdace. 
It  is  an  Iterative  solution  which  must 
converge.  It  is  not  convenient  to 
utilize  and  is  not  that  accurate. 

Smith  and  Shaw  (J)  developed  an 
empirical  prediction  method  for  the 
amplitudes  of  the  resonant  frequencies 
as  well  as  the  longitudinal 
distribution  of  the  energy  in  tho 
cavity.  The  method  is  presented  here 
because  of  its  ease  of  use  and  very 
good  first  order  prediction  of  the  flow 
induced  acoustic  environment. 
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Another  somlemperical  prediction  method 
was  recently  developed  by  Bauer  and  Dix 
(16) .  They  utilized  the  Rosaitor 
frequency  equation  but  proposed  a 
modified  convection  term.  The 
amplitudes  were  based  on  a  response 
coefficient  for  each  mode  which  was  a 
function  of  viscous  and  wave  damping. 
The  results  of  their  effort  are 
somewhat  lacltlng  because  the 
predictions  do  not  agree  well  with  data 
and  tneir  predicted  overall  acoustic 
level  is  below  the  level  of  the 
resonant  modes.  This  is  totally 
incorrect.  Figure  8  is  an  example  of 
a  comparison  of  their  prediction  method 
(CAP  code)  with  data.  The  disagreement 
is  clearly  evident.  Until  this  method 
is  further  refined,  it  is  not 
recommended. 

C.9  CONPOTAXZOMM. 

Many  efforts  have  been  conducted  to 
predict  the  flow  Induced  acoustic 
environment  in  cavities  by  numerically 
solving  the  time  dependant  flow 
equations.  One  of  the  earliest  is  by 
Borland  (17)  who  solved  the 
two-dimensional  Euler  equations  for 
time-dependant  invlscld  compressible 
flow.  His  rosults  were  encouraging  in 
that  tho  method  resulted  in  harmonic 
tones  in  the  cavity  and  the  overall 
sound  pressure  levels  were  of  the  order 
of  magnitude  of  measured  data.  A  short 
time  later  Han)iey  and  Shang  (18)  solved 
t))e  unsteady  Navier-Sto)(as  equations. 
Both  the  predicted  frequency  and 
magnitude  of  the  unsteady  pressure 
fluctuations  in  tho  cavity  were 
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confirmed  with  the  experimental  data. 

More  recent  computational  work  has  been 
performed  by  Bayaal  et  al  (19), 
Morgenstern  et  al  (20),  and  Harden  and 
Pope  (21)  ,  all  addressing  flows  past 
open  cavities.  Some  of  the  results 
were  encouraging  but  others  need  more 
refinement.  Such  assumptions  as 
turbulence  model,  dissipation,  damping, 
grid  size,  time  step.  Initial  and 
boundary  conditions  all  require  that 
the  codes  be  iterated  with  actual  wind 
tunnel  data  to  get  them  to  yield 
meaningful  results.  Once  a  code  Is 
producing  meaningful  results.  It  can  be 
used  as  a  research  tool  to  conduct 
parametric  sensitivity  studies. 

7 .  SUPPRBSSIOH 

Literally  hundreds  of  suppression 
concepts  have  been  tested  for  their 
effectiveness  in  controlling  the 
acoustic  environment  in  open  cavities. 
Tests  with  small  scale  wind  tunnels  up 
to  f\iLl  size  aircraft  have  been 
conducted.  Water  table  tests  have  been 
effective  In  evaluating  a  large  number 
of  devices.  Rosslter  (3)  In  1966 
concluded  that  the  acoustic  environment 
could  be  suppressed  by  placing  a  small 
spoiler  ahead  of  the  cavity.  Heller 
and  Bliss  (6)  tested  a  largo  number  of 
suppression  concepts  which  Included 
both  leading  edge  and  trailing  edge 
devices.  Figure  9  shows  their  four 
most  successful  concepts  and  Flguie  10 
Illustrates  the  typical  level  of 
suppression  they  achieved.  Shaw  (22) 
presented  full  scale  F-lll  weapon  bay 
acoustic  suppress.' on  results.  The 
concepts  tested  wtre  a  leading  edge 
sawtooth  spoiler,  leading  edge  4S 
degree  spoilers,  and  a  49  degree  rear 
bulkhead  ramp.  An  effective 
suppression  for  the  49  degree  leading 
edge  spoilers  is  shown  in  Figure  9  and 
Is  noted  to  be  24  dB  tor  the  peak 
one-third  octave  bond.  The  other 
devices  were  not  as  effective  as  the  49 
degree  leading  edge  spoiler.  Tlptor. 
(23)  documented  data  from  the  B-IA 
weapons  bay  with  and  without 
suppressors.  The  ef feet Ivnness  of  s 
porous  leading  edge  spoiler  Is 
demonstrated  in  Figure  11.  The  modal 
tones  are  greatly  reduced  or  eliminated 
and  the  broadband  level  is  also  reduced 
by  19  dB.  However,  tuppresslon  data 
were  obtained  at  a  wide  range  of  Hach 
numbers  and  the  effectiveness  of  the 
leading  edge  spoilers  was  observed  to 
decrease  at  higher  Mach  nuabera.  This 
trend  is  shown  in  Figure  12.  It  points 
out  the  need  tor  a  better  suppression 
technique  which  is  effective  at  all 
speeds.  Shaw  at  al  (24)  also 
documented  the  small  Mach  nuarbet  range 
which  s  suppressor  is  effective  in  as 
shown  in  Figure  13. 


8.  StnOIARY  AND  CONCLUSIONS 

Aircraft  weapon  bays  can  and  usually  do 
generate  a  very  high  intensity 
fluctuating  pressure  (acoustic) 
environment  which  results  in  structural 
or  electronic  failure  of  store  carried 
Internally.  If  the  weapons  bay  and 
stores  are  designed  to  withstand  this 
Intense  environment,  a  significant 
weight  penalty  Is  Incurred.  Passive 
suppression  systems  can  be  designed  and 
opti.nized  to  control  this  environment 
but  they  are  most  effective  only  over 
a  small  Mach  number  range.  Future 
systems  will  require  that  a  benign 
weapons  bay  acoustic  environment  be 
aas'red  at  all  Mach  numbers  which  the 
aircraft  Is  capable  of  flying.  A 
passive  suppression  system  will  not  be 
able  to  provide  this.  Thus,  some  type 
of  active  control  system  will  be  needed 
to  be  adaptive  over  the  entire  speed 
range . 
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SUMMARY 

The  present  paper  describes  the  general  philosophy  and  lire 
followed  methodology  in  engine  nacelle  acoustic  design, 
usually  resulting  in  the  embodiment  of  acoustic  treatment  in 
intake  and  exhaust  ducts  to  make  the  relevant  aircrafl 
compliant  with  noise  cerlilication  requirements 

General  description  of  conventional  acou-stic  liners,  currently  in 
service,  and  liners  of  innovative  design,  in  course  of  research, 
is  also  encloscxl.  giving  emphasis  to  the  mettuxlology  for  the 
selection  of  tlie  proper  acoustic  Ireatiiieni, 

I'inally  the  Alenia  software  package  (AI.NOIS),  ad  hoc 
developed  to  cover  the  complete  engine  nacelle  acotisitc  design 
and  to  support  the  acoustic  (xiiiels  inamifacliiring,  is  briefly 
described 


1.  INTRODUCTION 

With  the  increase  of  air  traflic  and  the  development  of  more 
and  more  (xiwerful  engines  the  iniixicl  of  aircrafl  noise 
emission  on  cummiiiuly  has  become  a  problem  of  great 
importance  lo  be  considered  in  the  iiiicetle  design 

I  o  control  the  noise  polliilion  and  noise  ininision  on  comimimls 
life.  es))cciully  near  airixirts,  noise  limits  dining  flight 
o|)erutions  have  been  imixised  tor  the  aircrafl  ceitiliculion  (FAR 
I’ail  .16  and  ICAl)  Annex  Iti)  In  |xirallcl,  more  restrictive 
measures  and  rules  liave  been  adopted  by  some  air^xiils  where 
llie  noise  problem  had  Ixxoine  a  national  cunceni 

1  or  certiliciilion  pur)xises  of  commetciul  uircrafls  the  emilled 
noise  IS  quantilied  m  lenns  of  lifl'eclive  Perceived  Noise  Level 
(I  I'NI.I,  III  dll  scale,  and  A-weigliled  oveiiill  sound  piessnre 
level  (|X'ak  dllAI  IKilli  iiccoiinl  for  the  sound  ix'iceplion  Iw  an 
ohservei  on  grutuid,  at  fixed  |xisilioii,  lioin  the  ancrafl 
apixtarance  to  its  disu|i)x.'nrance  during  lake-ufl’  and  liuidmg 
manoeuvres 

dllA  accuiuils  lor  loudness  elVevIs  and  appioxmutles  the  liiinum 
liearnig  characleiislKS  Ibr  nuxleiaie  sound  levels  I'PNI 
cuiiihines  hiuiian  aiUHwance  to  loudness  and  lonalilv 
chataclerislics  of  noise,  a  time  aseiaging  ellecl  is  also  taken 
into  occuiml  as  tite  noise  increases  fiuni  the  backgiuiuid  flixir  up 
lo  a  maximum  and  then  decreases  to  the  initial  level  during  the 
ovetitead  aircrafl  flsovei 


For  general  purposes  most  nations  with  an  airport  noise  problem 
have  developed  an  own  amioyance  index  which  accounts  for 
indtvidual  aircrafl  noise  and  frequency  of  operatron  (noise 
intru.sion)  The  map,  on  ground,  of  tso-levcl  noise  curves 
represents  tire  so  called  aircrafl  noise  signature  that  new  engine 
design,  nacelle  acoustic  treatmeut  and  proper  flight  procedures 
contrihuted  to  reduce  over  the  years. 

2.  PROGRESS  IN  COMMUNITY  NOISE 

Arrctart  noise  certilication  appeared  at  tlie  beginning  of  197(ls 
(FAA  1969,  ICAO  19701  willi  iiiilial  rules  applicable  to  new 
design  only  Tins  favoured  the  research  on  tlie  development  of 
t|mclcr  engines 

Successivelv  ihc  regiilalion  was  extended  lo  new  prixiiictioii  of 
older  types  (FAA  1971,  ICAO  1976)  Hus  aclion  had  holh  the 
efl'ccl  to  favoiii  Ihc  dcvelopineiit  of  “Inislikils",  ihul  could 
rcixirl  Ihc  aircrafl  lo  comply  with  the  ccrtilicalion 
rcqiiircmcnls,  and  lo  slop  ihe  prixliiclion  of  diose  uircrafls,  like 
1)707,  which  could  nol  meel  llie  reqiiircmciils  iiiiloss  a  re- 
engiiic  activiri  would  fx'  pursued 

ITnully  ill  I971t  new  limils  were  iiilrodiiccd  ( FAR  I’art  16  Singe 
1,  ICAO  Annex  l(i  Chupler  1)  joinlly  lo  llie  bunishmciit  of 
Chaplet  I  (Stage  I )  and  Chapter  2  (Stage  2)  uircrafls  Chapter 
I  airctafls  disapix'Uted  ni  I9K>),  Chapter  2  uirciafls  bamshmenl 
will  he  completed  wilhm  2002 

lliishkils  reduced  Ihe  aircrafl  noise  level  from  a  inininnim  of  I 
Fl’NdH  lo  a  muxnninn  of  4  Li'Ndll,  the  main  efl'ccl  was  to 
make  "legiir  llie  televani  uircriifl  hiil  they  do  nol  resolved  Ihe 
ixilhition  ptoblem,  as  a  change  of  1  Li'Ndll  is  vntmillv 
iinixiiceplihle  hv  the  liuinan  ear,  needing  a  change  of  10 
Fl’Ndll  I  j  hiilvmg  or  doiihimg  llie  unno\unce 

Of  pinnury  nn|x>ilunce  on  the  conumnniy  noise  lediiclioti  was 
msiead  the  technological  evolution  of  the  eiiguie/nuccllc 
comhinuluin 

I'lue  let  engines,  that  dunnnalcxl  Ihe  cuinniorciul  ne'e!  in  I950s. 
weic  stibslilnled  b\  l  ow  lt\-l’uss  Ratio  (l.lfl'R.  Ivptcallv  1  1) 
lurixifans.  a|>tx.‘uicd  in  IdtUls.  and  High  llc-l'uss  luiiu  (lllll'R, 
ivpicatly  6  I )  Imtxiliins,  a|i|wuicd  m  1970s  fins  evolution  IcxI 
to  a  (irugressivels  rcduclioii  of  the  aircrafl  emitted  noise  m 
spile  of  a  coiniilicalion  of  noise  souicc  coinixmcnls  and  nacelle 
design 
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The  single  source  Qet  mixing  noise)  domination  of  pure  jet 
engines  has  been  replaced  b>  a  multitude  of  tonal  and 
broadband  noise  sources  that  combine  wiUi  combustor  and  jet 
mixing  noise  (see  Figure  5. 1 )  Fan  noise  normally  results  the 
dominant  source  at  approach  conditions  and  is  a  signiftcant 
contributor  also  at  take  off  conditions. 

Future  engines  generation  uilli  Very  High  By-Pass  Ratio 
(VHBPR,  typically  9:1)  and  Ultra  High  By-Pass  Ratio 
(UHBPR,  typically  12:1+15:1)  turbofans  are  ex|K-cted  to 
increase  the  fan  noise  (because  of  die  larger  fan  conllgurations 
and  tlic  probably  increase  of  in  flow  distortion  intenicting  with 
fan  due  to  the  shorter  nacelle)  accompanied  by  a  shifting  of  fan 
tones  towards  low  frequency  (because  of  the  larger  fan 
diameter  and  the  reduced  number  of  revolutions  per  minute) 

Therefore  fan  noise  will  be  the  more  important  community 
noise  source,  while  huz/.-saw  noise  (a  series  of  equally  spaced 
tones  produced  hy  shoi:k  waves  originating  at  supersonic  fan 
tip  s|ieed)  will  probably  be  a  major  cause  of  annoyance  in  the 
cahin 


required  a  great  clTort  of  research,  even  if  absorbent  materials 
were  known  from  many  years. 
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Figure  5  2  >  T>pica1  acoastic  imer  instAlUtion  m  a  current  ItBPR  lurbofan  engine 

In  fact  the  severe  nacelle  environment  (e  g.  wider  range  of 
temperatures,  -5()°C  +  +50n°C.  frecze/thaw  action  on  retained 
water,  combuslihle-llmd  retention,  etc.)  limited  the  application 
of  conmiercially  available  bulk  absurbent  materials,  that  would 
have  matched  the  low  weight  requirement,  and  sjrecific 
smictural  solutions  needed  to  he  derived. 
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Ihc  noise  soiiiccs  of  ciiireiil  gciicraliou  of  tiiibofuii  cnguies, 
k'liig  origmiited  inside  the  engine  (ict  noise  oiiguuitcs  outside 
Its  II  consct|ueiise  of  llie  iiiixiiig  piocess  tietwccii  tlie  exhaust 
flow  of  tlie  engine  and  the  ulniospliere  l,  have  l>eeii  eontiolled 
Iw  the  emltotluiient  of  aeonstie  |vniels  m  the  nacelle  an  and  gas 
flow  duels  (see  I  ignte  5  2),  in  addition  to  fun  tip  s|Ked 
reduction  and  tolor  stator  gaps  incieasiiig 

Hie  design  of  nacelle  acoustic  liiiets.  iictnig  to  ulteniuile  the 
pto)>uguliiig  sound  and  then  the  liii-lield  ladniled  iioix'. 


'Ilie  emhodimeiit  of  the  acoustic  liners  led  the  nacelle  to  gain  a 
fundamental  role  on  the  desigti  of  a  quieter  aircrafl.  nie 
provided  benefits  on  the  community  noise  were  icinarkablc,  us 
can  be  seen  from  Figure  5  .5  showing  the  trend  of  noise 
reduction  for  medium  range  two  engine  coimnercial  aircralls. 


laksM#  «(|aiial- 
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Ihe  lower  surface  availabilitv  m  shorter  inlets  of  advanced 
liirlsoliiiis  and  the  low  freqiieiics  content  of  the  etnilted  tioise 
will  represent  a  lechnological  challenge  for  nacelle  and  engine 
imimifuctiirers  lo  which  is  demanded  the  development  of  low 
freqiieiicv  liners,  no  neglecliiig  iinv  |x)ssihle  iippliciitioii  of 
active  control  noise  lechniqiies 


J.  NACEl.l.E  ACOUSTIC'  DESIGN  METHODOLOGY 

As  sliowed  beloie  Ihe  eiiiilled  acoustic  noise  has  fiecome  a  verx 
nii|xir1unl  aireral)  |)vrliiniiaiice  |iaiaineter  due  lo  Ihe  more 
striiigeiil  coiiiniiinils  noise  icgiilalions 

With  the  advent  of  liirliufun  eiignies  and  the  reduced 
tmiiortaiice  of  let  iioix'  the  nacelle  represents  the  link  betwe'en 
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the  turboniachinerv  noise  sources  und  the  external  ambient  to 
which  is  demanded  the  duty  to  silencer  the  ettgme  noise 

The  nacelle  acoustic  design  requires  the  availability  of  an 
accurate  prediction  of  individual  noise  sources  in  order  to 
define  the  optimum  liner  which  makes  the  relevant  aircraft  to 
comply  with  certification  limits  and  with  more  stringent  airport 
rules,  for  market  competitiveness. 

The  complete  loop  of  analysis  is  shovsti  in  Figure  5.4. 

ITie  preliminary  prediction  of  the  aircraft  noise  emission 
rexjuircs  the  knowledge  of  engine  and  aircraft  geometric  and 
performance  parameters 


low  margins  require  the  definition  of  a  target  attenuation 
for  the  intake  and  exiiaust  ducts:  this  target  constitutes  an 
input  for  the  acoustic  treatment  design; 

-  finally  the  encctivcness  of  the  defined  acoustic  treatment  is 
verified  during  engine  static  tests  and  aircraft  flight  tests 
for  certification  purposes. 

3.1.  Aircraft  noise  prediction 

Aircraft  emitted  noise  calculation  consi.sts  in  the  evaluation  of 
the  noise  perceived  by  an  observer  on  ground  diuing  an  aircraft 
nianoeiivTC  (e  g  Take  olT,  Sideline.  Approach,  etc  )  in  terms  of 
F.PNL,  overall  |ieak  dllA  or  any  other  local  index 


Previous  experience  on  similar  engine/airframe  combination 
will  simplify  the  design  procedure  and  save  costs  of  project  as 
development  tests  need  to  be  not  perfonned  or  may  he  reduced 
to  a  miniinuni 

liiigine/airframe  of  new  design  will  rcxpiire  the  availability  of 
noise  measurements  from  engine  static  lc.sls,  for  the  tailoring 
of  turbomachmery  noise  prediction  methods,  and  from  aircraft 
prototype  flight  tnals.  for  the  rermcinciit  of  the  airframe  noise 
prediction  method  and  engine  installation  efllxits 


I'  lgurc  ^  4  NitvvUtr  diOUivlK'  nH'th<Kiolt'-gN 


Ihe  following  mam  steps  m  the  iiueelte  acoustic  design 
prtK'edure  need  to  be  outlined 

-  the  initial  aircraft  noise  prediction  accounts  ol  no  acoustic 
treiilment  m  nacelle  ducts  (liard  wall  ducts). 

Uie  turbomachiuery  noise  prediction  is  ii|xiuled  on  the  basis 
of  flight  projection  of  sialic  noise  iiieasmements.  collc'cled 
during  prcliininury  engine  static  tests  using  an  uiilined 
nacelle, 

■  the  validaliun  of  Ihe  airfruine  noise  luedictioii  is  based  on 
noise  meusiuemeiils  diirnig  ptololV|K'  flight  Inals,  also 
useful  fur  engine  msiallatioii  elVecis  verificulioii, 

'  the  updalcxl  aiicruft  noise  predicUon  is  comiuired  with  the 
target  noise  hunts  tcertificatioii  limits  aiid/or  aiqioit  niles) 
and  Ihe  relevant  iiiurgms  are  esliimited  to  lake  a  dvcisuui 
on  Ihe  udoptiuii  of  acouslic  Irealmeiil  m  tlie  nacelle  intake 
and  exhaust  ducts. 


To  perform  this  calculation  the  following  input  data  are 
required 

-  aircraft  manoeuvre  characteristics  (flight  iiulh.  flight  sjved. 
etc  ); 

-  engine  geometry  ( tail  diameter,  miiiiher  of  blades,  etc  ); 

-  aircraft  geometry  (wing  span,  flap  area,  landing  gear  wheel 
diameter,  etc), 

-  engine  ixirameteis  (fan  rjim,  exhaust  gases  s))eed. 
pressures,  temiieralures,  etc  ), 

-  intake  and  exhaust  ducts  acoustic  treatment  iti.serlion  loss 
matrix  (if  present) 

Ihe  far  field  radtuted  notse  is  then  evaluated,  fur  each  time 
interval  of  the  aircraft  manoeuvre  evolution,  in  three  steps  first 
by  calculuting  the  contributors  of  individual  noise  sources, 
second  by  correcting  the  predicted  noise  for  a  several  number 
of  elTects  during  pro|iugalion.  third  by  summing  all  the 
corrected  contributors 

l  or  a  complete  analysis  the  first  step  shall  consider  Ihe 
following  noise  sources,  though  some  of  them  are  of  less 
iin|xirtance  on  the  overall  aircraft  noise  (le  compressor 
broadlxiiul  noise  and  tones,  tiiibme  noise,  combustor  noise) 

-  fan  brwidband  noise  ( forward  and  rearward  I, 

-  fun  hu//-sa'v  noise, 

-  liin  steads  flow  dislotlion  tones  (forward  and  rearwaid), 

-  fail  wake  inleraclion  tones  ( foiwaid  and  rearward), 

•  compressor  brixidlwnd  noise, 

-  compressor  wake  nilerncnoii  tones, 

-  coiiibiistoi  noise, 

-  turbine  hioadbund  noise, 

-  turbine  How  distortion  tones, 

•  turhine  wake  nileiuclioii  tones. 

■  jet  turbulent  inixnig  noise. 

-  jet  sluxtk  assiKiated  noise, 

•  jcl  wing/flap  mieructiun  noise, 

•  uirfraiiie  noise 
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Details  on  the  generation  mechanisms  of  these  noise 
components  may  be  found  on  papers  m  references  Irom  1  to  10 

The  calculated  far  field  noise  is  llien  corrected  to  take  into 
accoimt  for  the  following  propagation  cflects  (1 1, 12,  1.4|: 

-  insertion  loss  due  to  tiic  presence  of  in-ducl  acoustic 
treatment  (intake  and  exhaust  ducts i. 

-  aircraft  structure  shielding  and  rellection  cflects. 

-  Doppler  efl'ect  on  noise  intensity  and  frequency. 

-  convection  or  flight  speed  cflects; 

-  refraction  and  scattering  cflects  related  to  the  speed 
difference  between  external  flow  and  exhaust  gases  flow-, 

-  atmospheric  attenuation. 

-  ground  reflection, 

measuring  instrument  bandwidth  filtering  siiiiulation 

I'inallv  the  noise  iierccived  on  ground  by  the  observer  is 
obtained  Ironi  the  sun  .nation  of  all  the  above  corrected 
components  in  tenns  of  useful  indexes  (lil’Nl ,  iieak  dllA. 
etc.). 


I'I){UIC  ^  ^  '  Al|yf.lll  niviM’  picJullon  ttovs  yholl 


3.2.  Aircraft  noise  updating 

I’tediclioii  inelluKis  are  usuallv  Ixised  on  the  existence  of  a  data 
base  of  nieasuied  data 

When  a  new  engine  is  develo|x.\l  ot  when  the  design 
iiiodiflculioiis  of  an  existing  engine  are  such  that  substiinliul 
dilVetences  in  noise  ennssion  ate  e\|xxted,  the  itstuil  priKcdtiie 
IS  to  ivrfonn  dedic  .led  on  gioniid  engine  static  tests  on  oivii- 
an  lacihlies 

Static  lest  nieasuieineiits  aie  hiigcK  accUMte.  giving  a 
rcpcalabililc  liettei  than  I  dll  ovei  a  wide  range  of  fretpiencies. 
tlierefure  Ihey  result  a  cost-saving  feature  of  the  noise 
certificution  pnKCss 


For  static  test  purposes  the  engine,  equipped  with  a  dununy 
nacelle  and  an  in-flow  control  device  (a  screen  tliat  reduces  the 
distortion  of  flow  nearly  simulating  the  flight  conditions),  is 
suiipcndcd  to  a  jig.  with  minimised  reflection  efl'ects,  on  a  test 
arena  with  no  obstacles  that  may  cause  acoustic  interference 
The  ground  floor  is  characterised  by  low  absorption  and  high 
thermal  reflection.  Far  field  noi.se  measuring  microphones  have 
a  circular  disjiosition  ( I  (1°  equally  spaced  from  0°  to  1 80°)  and 
are  face-down  positioned  to  eliminate  ground  reflection 
interference  eflccts 

A  typical  lay  out  of  an  open-air  noi.se  lest  arena  is  showed  in 
Figure  5  6 

Small  changes  in  noise  levels  related  to  minor  |x)wer-plant 
modifications  arc  better  quuntilied  during  static  tests  Uian 
flight  le.sts,  so  static  tests  arc  largely  used  both  for 
liirbomachinery  noise  sources  prediction  metluxls  iqxlating  and 
for  noise  certilicalion  olie-engined  aircrafts 

Nevertheless  for  a  new  airframe  configuration  flight  tests, 
other  than  required  for  noise  certilicalion.  arc  necessary  to  be 
[lerformed  in  order  to  check  the  validity  of  the  airframe  noise 
prediction  mctluxl  tind  engine  installation  cflects 


4.  A/C  NOISE  REQUIREMENTS 

Aircraft  noise  ier|uiienicnls  aie  to  be  divided  in  certification 
reciuiremciits.  defined  by  the  mteniulioiial  regululioii 
orgaiiistns  ( F  A  A  and  IC.AO),  and  liKtil  requireincnls.  nii(Hised 
by  inrixirl  aulhorities 

FAR  and  ICAO  regulalioiis  imixise  a  ceiling  on  the  noise 
ix'nnitled  by  coininerciul  aircraft  by  sixiCilMiig  noise  li.nns  at 
the  same  three  critical  conditions  tiuke  oft,  sideline  and 
up))rouch  I  and  leference  points  around  the  uii)xii1 

Noise  limils  are  given  in  leniis  of  I'l'Ndlt  as  function  of 
ninximtiin  take  olV  weight  and  number  of  engines  Heavier  long 
range  aircraft  are  allowed  hi  prixliice  more  noise,  snmiarly  loin 
engine  aircrafts  inay  be  noisiei  at  lake  oft 

Ihe  Inghei  noise  allowed  lot  lieaviei  airctafts  is  iclaled  to  the 
total  niqxirt  noise  piobleni  control  In  iiicl  long  laiige  aiicialls 


operates  quite  rarely  if  compared  \nith  tlie  short  and  medium 
range  ones,  so  the  intrusion  factor  will  be  less  severe 

Tile  higher  noise  allowed  for  multi-engine  aircrafts  is  related  to 
the  airworthiness  requirement  of  aircraft  take  olT  capability 
with  an  engine  faihue  occurring  during  the  most  critical  Uike 
off  phase,  that  is.  after  there  is  insiinicient  runway  to  abort  the 
take  off  For  this  reason  a  two  engine  aircraft  has  l(K)%  more 
thrust  than  the  minimum  required  for  take  olT,  with  both 
engines  operating,  so  it  climbs  cctremely  quickly  A  four 
engine  aircraft  has  only  .t.t%  excess  tlinist  and  with  all  engines 
operating  climbs  very  slowly  Hence  the  four  engine  airplane 
results  comparatively  close  to  the  coniiiumitc  when  it  overflies 
the  reference  microphone  at  6500  m  from  the  brake  release;  the 
three  engine  is  somewhat  higher  and  the  two  engine  is  even 
higlier  (.sec  Figure  5  7) 


higufe  '  f  -  rlinib  pf'-filcs  i>l  ct'mmv-ry  ul  irt  HitktAlU  hoJ  relevant  nt'ise  limits 


For  all  class  of  engines  a  (xiwer  cut-hack  (>|ieralioii  procedure 
is  allowed  at  take  olV  to  make  the  aircraft  do|>artuie  more 
silent 

Ihe  two  regulations  arc  nominally  equiviilciil,  diflereiices  are 
present  only  in  some  details,  making  I'AK  .V>  more  sirmgcnl 

A  siimniarN  ofccrtilicatioii  requirenicnls  for  Slage  aircrafts  is 
given  ill  Figure  5  S 

Focal  requirements  generiilh  raise  Iroin  the  noise  |X)lliilioii 
problem  caused  by  the  air  traflic 

III  I'aci  III  addition  lo  the  single  eveiil  of  noise  related  to  the 
aircraft  arrival  or  deixirtnre  it  is  also  lo  he  considered  the  noise 
inlnision  on  the  coininiinitv  life  relaled  lo  the  niimliei  of 
daily/niglillv  o|ieraiions  Fins  led  air|xirt  uiitliorities  to  define 
o|x.'ralional  restrictions,  general  limitalions  and  |K-iudlies  for 
noisv  aircrafts 

Ihe  cuirenllv  more  slringeiit  noise  conirol  inensures  for  inghl- 
inne  o|ieratioiis  are  adopted  h\  llie  Wusliiiigtoii  National 
airiHirt  Noise  Ininis  are  expiessed  in  tenn  of  overall  A- 
weigliled  sound  pressure  level  as  billows 

from  22  IK)  lo  IKv  72  dllA  for  Fake  olV 

S5  dllA  for  AppiiKich 

fioin  117  IKI  to  21  5n  no  Inmlalioiis 

Neveitlieless  Wuslimgton  anikni  autlioiities  aie  loiced  bv 
lesideiits  lu  further  reduce  the  above  noise  limits  uccoidmg  to 
the  lollownig  pto|Hisal 


from  22  IK)  to  22  59  72  dBA  for  fake  otT 

85  dBA  for  Approach 

from  2-F  (M)  to  05.59  67  dBA  for  Take  olT 

80  dBA  for  Approach 

from  06  IK)  to  06  59  72  dBA  for  fake  off 

85  dBA  for  Approach 

from  07  (K)  to  2 1 .59  no  limitations 


ICAO  Annex  16  Chapter  3  -  FAR  Part  36  Stage  3 


I  MaXIMI'M  IMlImat  )iHi4n  [liawl 

I'lguir  ^  S  t.\VMi)«liiix  AU<'n  ml  vcttihxdliifti  lct4Ullrm«nl^  l>>i  ^  airt  tails 

5.  LINER  DESIGN 

Ihe  overall  puKcduie  foi  the  design  ol  nacelle  ducts  acoustic 
liealineiil  is  shown  in  ligiiie  5  9  ft  stalls  troiii  the  defuiilion  of 
a  rcx|uired  ullemuition  and  coiiliiine  Ihiougli  the  diict-acouslic 
aiuilvsis  to  qiuiiilifv  the  acoustic  tiealinent  urea  needed  lo 
iiialcli  Ihe  icyuired  allemuilioii 

llic  required  allenuuliuit  is  gctierally  based,  altenuilively,  on 
the  three  following  criteria 
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total  radiated  sound  power  attenuation  (as  function  of 
frequency); 

radiated  sound  power  attenuation  for  specific  angular 
sectors  (as  function  of  frequency); 
radiated  far  field  sound  pressure  level  (as  function  of 
frequency  and  angular  location) 


h^c  ^  •  IXivt-ACttuMic  Analysts  anJ  liner  pntccduic 

Next  step  is  to  detenniiic  winch  liner  is  capable  to  give  the 
ret|uired  attenuation  with  iiiinor  modification  of  the  nacelle 
structure  litis  is  accomplished  b>  studying  the  m-duct  sound 
propagation  (eg  mode  theory)  1I4|  and  the  fat  field  sound 
radiation  (e  g  Green  fiuictions)  (1.1,  I4| 

As  far  us  conventional  (locally  reacting)  liners  arc  concenicd, 
an  imixirtant  reference  parameter,  for  the  choice  of  the  right 
type  of  liner  to  be  used  for  the  acoustic  treutinent.  is  the 
Optimum  Impedance,  herein  defined  as  the  theoretical 
iinpedaiice  (vs  frequency)  of  duct  surface  which  would  give 
the  best  results  (muxiiiiiiin  uttenuutioiil;  this  im)icdunce  is  only 
thcMrelical,  because  it  is  impossible  to  realise  an  acoustic  |iaiK-l 
matching  the  OiiUmum  Impedance  over  the  whole  frequency 
range  of  interest,  however  it  is  an  useful  reference  (loinl  for  the 
liner  design 

Ihc  evaluation  of  the  0|iimium  Imivdaiice,  fur  a  given  duct 
geometry  (diameter  and  length)  and  internal  How  velocity, 
requires  the  constniclioii,  foi  each  frequency,  of  a  dalu-huse 
conUimiiig  the  allenualioii  provided  by  a  set  of  duct  mtemul 
surface  impedances 

Hie  data  base  is  calciilulc'd  b\  appKing  the  mode  theorv  and  bv 
rcslriclmg  the  aiuilysis  to  the  hard  wall  acoustic  cul-mi  modes 
(modes  which  |iro|iugule  with  no  iillemuilion  for  the  hard  wall 
duct  easel  Some  assumptions  regarding  tlie  acmisiic  energy 
distribution  among  ducts  modes  are  necessary  CohuihhiIv  the 
csiuttl  energy  dislrtbiiliun,  sometimes  factored  by  a  biasing 
lunclion  (imne  emphasis  to  well  ciil-ui:  nuides)  |l)|,  is 
considered 

hi  particular  cases,  when  tlie  acoustic  energy  is  mainly  stored 
III  a  hiiiiled  munher  of  acoustic  inodes  (eg  fur  the  fan  tunes). 


it  can  be  useful  to  define  the  Optimum  Impedance  with 
reference  to  that  group  of  pro|Kigatiiig  modes 

A  typical  plot  for  the  single  frequency  attenuation  data-base  is 
shown  in  Figure  5. It),  the  maximum  attenuation  point, 
obtained  by  interpolating  the  sound  power  attenuation  contours 
on  the  impedance  plane,  corresponds  to  the  Optimum 
Impedance  for  the  frequency  under  examination 

An  analysis  complication  is  represented  by  the  boundary  layer 
effect  on  sound  propagation.  Studies  and  experiments  on  tliis 
subject  1 16)  showed  that  the  boundary  layer  has  negligible 
effects  on  sound  propagation  along  exhaust  ducts  but 
remarkable  effects  on  the  attenuation  characteristics  of  the 
least  attenuated  mode  (lowest  order  mode)  in  case  of  inlet 
flows  Tliis  cITccI  results  in  a  reduction  of  the  obtainable 
attenuation,  with  a  decrease  of  the  Oiitimuni  resistance  of  the 
single  mode  |I7|,  for  boundary  layer  thickness  to  duct  radius 
ratios  (S/R)  above  0 1)25  For  large  nacelles  the  above  ratio  is 
iisnally  less  than  the  limit  and  therefore  the  boundary  layer 
ciTeel  can  be  neglected 

If  the  0))lnmim  Imtiedancc  is  not  siiflicicnt  to  funiish  tl.e 
required  allemuilion  it  is  necessary  to  modify  the  naccile 
stmeture.  generally  by  mcreasing  the  treated  area  length,  iiid 
repeating  the  optimisation  loop  of  calciilalion  for  the  mixlilu'd 
duct 


'  I'*  l-.'Ainplc  111  iinglr  lic^urni.^  viund  AUetiuahiin  CiWtHil’i  I'ni 

f  >p(imvWi'  IniprUAiKc  ykltnilKVi 

At  the  end  of  the  above  prixess  the  definilion  of  the  acouslie 
Irealnieiil  is  fiKiised  on  those  Iniets  liiivmg  nn|iedunces  as  near 
as  ixissiblv  close  u>  Ihc  l>|ilmmm  lm|KHlance  esiv-emlly  m 
lliose  fteqiieney  ranges  which  are  considered  mo,'e  critical  for 
airctull  noise  cei1ificullo,i  (c  g  fun  blade  |Xissnig  frequency 
and  relevaiil  luiniuinics) 

Ihe  liner  design  iiroeedure  is  based  on  Ihe  uvuiluhilits  ol 
mqiedanee  models  dalu-buse  and  is  articiiluled  as  follows 

-  dertvaliuii  of  a  set  of  aeuuaiie  Inters  (m  lenns  of  gcuincUie 
and  acoustic  cluiruelerislies)  llial  maleli  in  a  quite  good 
mamier  tlie  Oimmum  ImiK'dance  curve. 
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calculation  of  the  far  field  noise  attenuation  considering  the 
duct  lined  with  this  set  of  liners; 
definition  of  the  acoustic  panel  geometry. 


6.  LINER  CHARACTERISTICS 

Acoustic  liners  can  be  divided  in  two  main  groups; 

-  the  locally  reacting  liners  whose  acoirstic  behaviour  at  each 
point  depends  only  on  the  acoustic  field  characteristics  at 
that  point; 

'  the  non  locally  reacting  liners  whose  acoustic  behaviour  is 
related  to  the  complete  acoustic  field  along  tlie  ))anel  (e  g. 
acoustic  pressure  distribution). 

Locally  reacting  liners  represent  the  current  generation  of  in- 
servicc  acoustic  panels  Ihcir  acoustic  behaviour  is 
characterised  by  the  complex  ratio  between  the  instanUincous 
values  of  llie  acoustic  pre.ssure,  (X  0.  and  the  acoustic  particle 
velocity;  u(f);  this  ratio,  called  acoustic  imiiedimcc.  /XO.  is  a 
fiuiction  of  sound  freqiicncv  and  is  constant  for  every  point  of 
the  liner  surface  cxixiscd  to  the  acoustic  field 

Ihe  imiiedance  is  generally  expressed  as: 


Real  and  complex  ixirt  of  ini|)edance  arc  named  resistance. 
RiO.  and  reactance,  X(f),  respectively  so  that  it  is  conuiion  to 
find  the  equation 

/(/)  =  «(/)  +  iA(/) 


Ihe  impedance  pro|K'rly  of  IikuIIv  iciictmg  liners  allows  to 
IK'rfonii  tlic  ill-duct  sound  propagation  aiuilysis,  for  the 
evaluation  of  the  ucoiislic  treatment  iwrloniiimcc.  in  u  closed 
Conn  solution  by  using  the  iiKxlc  theory 

Ihe  ftmdumcntal  pru))ertics  of  UkuIIv  reacting  liners  are 
summarised  in  I'lgiire  5  1 1 


lOCActV  Rf ACTING  CINEnS 


iOM  mOMOA’ION 
NSet  TM«  OMR 


MOilMl  TO  TM|  fulTALI 


AOOUITIC  Cf  ON  la'Al  WAlUlS  Of  AC0W9TC  '«IO 

MhMOUl 


AOOUIIC 

CHkJUrrAMMTCWl 


MoMtM  ATousTc  O(»Mf0  AS  IH|  comu 

RATO  TMI  lOCAk  lAkUlS  V  TM|  ACCUITC 

PRISttRI  AM  TMI  MRTClt  NORIMil  VCiOCtrr 


N  OUCT  RROMkOATlON  CAN  M  Rf  RTORMO  AMAllTCMlV  U|M4  ThC  MOOI  THtORV 
A^lTm  M  ClOUO  rORViCAUlQt 


Locally  reacting  liners  can  be  grouped  in  three  dilTercnt  main 
classes  (see  Figure  5.12); 

-  mainly  resistive  liners; 

>  resisiivc/reaclive  liners; 

linear  tesistive/reactive  liners. 

Mainly  resistive  liners  arc  generally  constituted  by  porous 
material.  They  arc  not  used  in  engine  nacelle  ducts  because  of 
their  capacity  to  retain  water,  with  possible  decrease  of 
porosity  and  acoustic  perfonnances  due  to  frccze/thaw  cycles, 
combustible-tluids,  which  arc  a  fire  hazard,  etc.. 

Rcsislive/reactive  liners  constitute  tlic  simplest  and  earlier 
generation  of  liners  for  nacelle  applications.  I'hey  have  a 
sandwich  structure,  single  or  double  layer,  whose  components 
are:  perforated  facing  sheet  and  septum,  honeycomb  cores  and 
backing  sheet 


Wi|r4>bt  -S’-Xf  fct'.S' IWI  tCXHT  l»'(B 


MtthI- NfNlStlXt  it'lBMTHflUK  bl'AlShxtMAIlIVi 


Kiguie  ^  I '  •  h-pical  i't»ntiguT4ti‘'rvs  IikiaIIv  reaclirm  liners 


Liner  impedance  eiiiilributioiis  becomes  from 

-  the  |ierforuted  plate  (holes  diameter,  sheet  thickness,  u|ieii 
urea),  that  gives  iiiumly  u  resistive  coiitrihutioii. 

■  the  huiicycomb  cure  depth,  liuving  u  reactive  contribution 
only  and  deteniimiiig  the  frequency  for  muxmumi 
utteiiiuilioii 

A  slight  contribution  to  the  reiictnnce  is  also  given  by  the 
(K'rforute  imd  is  culled  mertiuice 

Lurge  vuriiilions  uf  liners  im|ieduiice  ute  ciiiised  by  groring 
How  Much  number  uiid  sound  pressiiie  level  uf  the  meident 
.sound  field 

Lnieur  tesislive/ieaetive  liners  liuve  the  same  stmeture  uf  tlie 
perfuruled  ones  but  include  ii  metallic  wiie  clutli  (wiiemesli) 
on  the  iK'tfuruted  facing  sheet  luivmg  an  higli  U|K*ti  area 


I'l^e  ^11  1  i^aIU  linc<« 


Ihe  wiremesh  elVcet  is  to  mcreuse  the  resistive  cuntnbutiuii  of 
tlie  foemg  sliect  making  it  nearly  euustoiit  over  the  whole 
fiequenev  range  and  less  sensitive  to  tlie  gra/mg  tluw 
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Design  parameters  are  the  D  C.  flow  resistance  and  tlie  non 
linearity  factor,  defined  as  the  ratio  between  the  D  C.  flow 
resistance  values  at  flow  velocities  of  200  and  20  cin/s. 

Also  for  this  type  of  liners  tlie  reactive  part  of  impedance  is 
mainly  governed  by  the  honeycomb  core  depth  with  similar 
effects  to  those  of  perforated  liners. 

Non  locally  reacting  liners  are  currently  matter  of  research. 
The  acoustic  response  of  this  class  of  panels  depends  on  the 
whole  acoustic  field  acting  on  the  panel  surface  (acoustic 
pressure  distribution)  and  it  is  not  possible  to  identify  a  single 
parameter  characterriing  the  liner  acoustic  behaviour. 


Circumferential  non  locally  reacting  liners  arc  currently  under 
investigation  by  Alenia  and  oUters  European  partners  inside  a 
CEC  (Committee  of  European  Community)  research. 


TnON  LOCALLY  REACTING  LINERS  | 

S  /ll  I  \  A  k  . 

tmOLtiA'iC 

AWCRAtlDHC 

■  MTH  SNOLELAtEKtAnTHNaNLOCAUY 

,^^0^  l«ACT*MRA.KCAV1TKtAgCH(»CYOCMR 

rTTTT: 

tMAt  LAlif  N  HITHNOM.OCM1V 
RCAC11NO  nu  CAvnM 


The  acoustic  pciformances  of  non  locally  reacting  liners  can 
only  he  quantified  in  tenns  of  insertion  losses  for  each 
duct/panel  combination 


LOI] 

CZD 


The  duct  propagation  analysis  m  presence  of  this  type  of  liners  Figure  S  U  ■  T>pical  configuralion^  cifcircumrcrennal  non  ItKally  reacting  liners 
shall  be  performed  using  a  finite  element  or  finite  dificrence  cuncmiv  under  mveMigauon  msije  a  ciu'  research 

technique,  no  closed  form  solution  is  available 


The  fimdamental  properties  of  non  locallv  reacting  liners  arc 
summatised  in  figure  5  13. 

[  NON  LOCALLY  REACTING  LINERS  \ 


7.  LINER  DEVELOPMENT  TOOLS 

ITie  liner  design  priKCss  retpiircs  the  availubility  of  impedance 
models  ilmi  relate  the  geometrical  and  physical  characteristics 
of  Imcr  components  to  the  resulting  imixidance 


SOUNO  PROPAGATION 
INSIK  THE  UNCR 


MRALLEt  ANO  NOAMAL  TO  THE  IMCA  SUAf  ACE 


AOOOSTIC  DEPENDS  ON  THE  ACOUSTIC  PRESSURE  CMSTAiBUTlON 

BEHAVIOUR  OVER  THE  MHOCE  PANEL  SURFACE 


I.incr  im|)edimce  nuxlcls  arc  derived  with  the  ciVorl  of  last 
results  obtained  from  a  dedicated  lest  program  and  using 
s|XN:ial  UK>i-s 


ACOUSTIC 

CHARACTERISATION 


MSCRTtCN  LOSS  OA  THE  COMPLETE  MNEL  RELATED  TO 
THE  WHOL  E  ACOUSTIC  FIELD  AND  FLOW  CONDITION 


inoljct  propagation 

ANALYSIS 


ON.V  tv  ICANSOF  NUIKWCAI  IKTHOOB 


i.ocully  rvucimg  Inters  uu|tc>liuieu  models  tire  dclenuuied  semi- 
empirie.’ilb  |IK.  lu,  2li,  21.  22 1  llmmgli  the  e\|>eruneiilul 
meusuremeiit  of  the  iieoustie  |iro|x.Tties  of  its  eoin|Hiueiils 


t itpjic  'It.  Nim  l.i..ltv  icltn^  lio«(»  pe.vsstw. 


IiKils  iiiid  test  futilities  deditaled  to  these  tests  are 
siiiiununsed  in  l  igiiie  5  15 


Special  cases  of  non  loetilly  reueting  liners  are  Jiosc  ihiii 
behave  as  non  locally  rcaeliiig  m  only  one  direetion  (e  g 
cireiunferential) 

h'lgtire  5  14  shows  some  conlignruliuns  of  non  ItKally  rcaeling 
liners  eharaetensed  by  a  non  ItKalls  reaction  'dong  the 
eirciiinfcrcntial  ditcetion  oiiK 

Hie  atuustic  response  ol  such  (taiiels  dejieiids  on  the 
tirciutifercniial  aeoiistit  pressiue  piilieni  in  llic  duel,  tor  each 
cireumferenlial  distribution  it  is  itussiblc  to  define  an 
equivalent  impedance  for  the  duet/|xuiel  eunibiiwtiuii 

Considering  llial  the  aeouslie  inodes  of  tlie  diKi  ate  gioiqKKl  on 
tlie  basts  of  eireumfcrenlial  piessurc  lube  number  (mode 
tireuml'crenlial  order)  it  is  iMssibIc  to  defme  tlie  oeousiit 
(terfunuanee  of  a  duet/|wncl  eoinhitkilion  using  the  mode 
Iheury  (sululiuii  m  closed  fonii).  dilTcrenl  im|>cdaiK'cs  are  to  he 
etmsidered  for  each  eircuiiifcreiiliiil  inode  order 


l  uting  slieci  tliuratleiisiits,  usiuillt  iiieiisuied  by  iiieiins  of  a 
Kaylonieler.  are  the  fnlluwiiig 

•  iwrloiutcd  sheet  DC  How  resisliinte, 

wire  mesh  l>  C  How  lesisianee  and  non  lineuiily  fiitlor. 

•  bulk  muieriiil  I)  C  How  resisiuiite  for  unit  of  tluckiiess 

liniK'dante  measurements  on  liner  test  sample  are  ixirfunned 
using  an  ini|Kdante  tube,  willi  no  grazing  How.  and  u  How  diKt 
fueilily,  in  presunte  of  grazing  How  and  hoimdary  layer 

Ilic  How  duel  I'aeilily  |21,  24|  consists  of  two  reverberation 
tluunbcrs  (upstream  and  dowtislream)  each  other  toiuieelcd  hy 
a  soil  of  wind  ituuiel  tonsisliiig  of  an  inlet  iK'llniunIh.  a  lest  set 
and  a  dilVuscr  flow  is  gcneruled  hy  bluwcts.  fan  or  cteelurs 
Alt  supply  and  air  e\haiisi  duets  are  atoiisiitally  treated  to 
nreduec  unwanted  nuise  in  the  I'utilily  and  luilsidc  iHiise 
inlrusiun 
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r LOCALLY  REACTING  LINERS  DEVliLOPMENT  TOOLS^ 


n 


MNKK  IMPKDANCE  MODELI,ir.(; 


(“UlUff  5  I '  •  I  iKullv  reading  linen  Jexeli'jweni  im'K 


'n\is  atTungcmciU  allows  to  simulnics  the  sound  |>to|>ugation 
pattern  inside  nacelle  intake  and  by-pass  ducts:  the  dilVuse 
sound  Held  at  inlet  bellinouth  permits  an  cHpuil  energy 
distrtbution  aiiiong  the  acoustic  duct  inodes,  while  the  sound 
generated  inside  one  of  the  two  reverherutiun  chambers 
siinulates,  alteniutively,  the  upstream  propagation  (micelle 
intake  duct)  and  the  downstreaiii  pro|xigation  (nacelle  by-|iuss 
duct  I 

Test  section  is  usually  rectangular,  which  appioMinaies  the 
aiuiular  geoiiietrs  of  by-|)uss  ducts  and  allows  (he 
iiiunuructiiring  ol'  Hat  lest  samples 

the  How  duct  I'ucilitN  allows  (he  derivation  of  liner  nn|iedance 
both  indirectly,  by  jierloniinig  inscrinm  loss  mcnsiircincnls 
(dilTcrcnce  between  the  sound  pressme  level,  for  each  1/.' 
octave  band  centre  lrc\|uency,  in  the  rcveiving  iwnii  witluiul 
and  with  ocunstic  (laiiels  in  the  lest  seelionl.  and  directly 
tiuougli  the  in-situ  nicasurcnient  (ecluii>|ue  using  mimaltue 
microplHines 

A  lyvical  lay  out  of  a  How  duct  lacililv  is  sliowed  in  Kigue 
^  Ifi 


^  J 

1 

L 

t 

1 

i 

Sbi 

The  theoretical  modelling  of  non  locally  reacting  liners  results 
currently  almost  complicated. 

Facing  sheet  and  septum  characteristics,  can  be  still  measured 
by  means  of  a  Raylometer. 

The  flow  duct  facility  can  be  used  to  correlate  the  insertion  loss 
of  the  complete  panel  with  the  incident  sound  field. 

Nevertheless  of  great  importance  is  the  exact  simulation  of  the 
sound  field  propagation  pattern,  as  the  acoustic  behaviour  of 
this  class  of  panels  varies  with  the  ducts  mode  order 

Tools  and  facilities  dedicated  to  the  experimcti'al  testing  ol 
non  locally  reacting  liners  arc  sununarised  in  Figure  5  17 

[  NUN  I.1KWLI.Y  HEACTINC  LINKBS  nKVEI.OPMEST  TtXiUi  |[ 


I  KAVI.IMlItTKR 
|r  ylAllikMMTnf  mONOMUT  1 


I- 


atm  ul'cTuriLiTY 

(••tlflllliMlOVt  MkAlt 


]  spiNMNi;  Moot:  i»:vu>:  ) 

|:  . 

,  AtWflV  WidM 


IJSTH  IMPKDANO: 


higuie  ^  I  ^  liAiilU  ifaAtiftg  lihrii  Umk 

For  nacelle  appltcalions  of  ciicumfetenliul  iton  locally  reacting 
liners  an  ii.seful  tool  is  a  s|iecilic  device  allowing  the 
generalioii  and  control  of  spnuiing  inullilobe  prexcure  |iallcni. 
so  smiulating  the  sound  pro|iuguliuii  characteristics  inside  the 
imcelle  ducts 

Such  a  device  |2-l.  25|  lierein  culled  spiiuniig  mode  device,  can 
siibsliliile  (lie  rectangular  lest  sc'ctiun  of  the  How  duct  lacililv 
or  installed  in  a  low  noise  wind  tiuuK'l  Majiv  c'Mii|wiiciits  ore 

■  a  s|>imig  iiuxle  gencraliv  iiiiil.  inovcble  fiutii  one  end  to  Hk 
Ollier  for  iipsirenin  and  dowiisiiconi  soiuid  protvigaiiun. 
ciaisislitig  of  a  circiuiilcrcnlial  arrav  of  et|uallv  s|iaced 
sound  generators  (wlaise  number  dc|>ciids  on  llic  macimum 
spuming  mode  order  to  be  generated),  sound  generalies  nm 
at  llie  same  dtivnig  licx|uencv  but  (votierlv  ptiawal  lo 
rqeoduce  the  wanted  iiiimixt  ol  loivs  and  die  s|inmmg 
iiaiiuc  of  die  teessiiic  ivsitern. 

two  iwessiue  (laiteni  iiieasuimg  rakes,  luovided  widi  a 

radial  and  circiuilfereiitial  traverse  mechoiiisni. 

a  NmiuUi'v  laver  conliol  and  measiuiiig  devKe. 

die  lined  |«.iniim.  alleriulivelv  untined  lie  incasurcmcnls 

ccenpaiisiei. 

two  end  muHlers,  lo  leduce  iIk  letlccled  noise 


'  U<  .kacl  Ua  s’Vl 
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A  device  of  this  type  is  sho^^cd  in  Figure  S.  18. 


IJPSTIEAM  NO»k  raoPAOA'noN 


Figure  5  I H  •  Spiruung  nvNk!  devKc  l«\'  out 

8.  ALENU  SOFTWARE  PACKAGE 

In  order  lo  perl'onii  the  whole  ctileululion  uelivit\  lor  the 
aircruU  notse  venfictition  and  the  nacelle  acoustic  design 
Alenia  devcioiied  a  dedicated  sotlware  iwckage  turned 
AI.NOIS  (Al  enia  NOisc  Integrated  Software) 

I'he  package  is  nuinly  con.slilnted  he  itucV  calculation  modules 
(see  Kigare  5  Id) 

I)  Alio  RA)'r  I'kum  rios  smih  ii  lliis  module  coiilaiiis  a  set 
ol'  sophisticated  noise  (irediclnHi  iiielliods  and  iei)iiires  the 
knowledge  ol  a  large  aiuoiml  ol  engine  iiitenul  geonieire 
and  perliitmaiice  poranieiers  Ihe  imidiitc  can  iiiaiuge  die 
eiu  'e  static  lest  and  llighl  test  data  throadhaiid  noise  and 
di.v  '  tones  separation,  noise  sutirces  hicakdawii.  tones 
origin  ideninicaliuii)  and  gives  suggestions  im  (icedictuai 
methods  ii|xlaling 

III  tHs-t.A>  ia  stir  ASAt  VSIS  Skaait  this  module  is  capahle 
to  onalvse  circular  and  amiular  duets  bs  delctmmmg  iIk- 
relevaiil  altcnualion  dala-hase  which  is  used  Toi  the 
deftniiiun  of  Ihe  Optimmn  Impedance  liar  in-ducl  noise 
p>0|ugatH>n  orulvsis  is  iKtlormed  iiuitg  die  Miale  fheorv 
and  conudcriitg  as  |aO|«tgaling  tlie  cut  mi  nwdes  ol  iltc 
ta  lined  diK'l  case  (hard  wall  i  the  wauid  todialism  otulssis 
IS  perlunned  using  the  (ireen  liuKiions 
iiilitesR  lusws  vaeatt  this  module  can  evaluate  Ihe 
tmpedanse  characlefisttcs  sd  locattv  leacting  lotets  sd  ihe 
loliawmg  tvpc 

mainls  resistise. 

resistivx/reaclivx. 

Iinestt  icustivx/tenclive 

llcsidcs  It  IV  used  lo  vopputt  the  Isrseoivh.  d.-setopmcnl  and 
imsiufaciuiing  sd  noscllc  os  smuts  panels  ;n  Alenta 

A  ileioil  id  the  Al  NtHS  imdiihrs  rcksant  lo  ihc  aHiall  muse 
pt.  iisttim  and  the  diist.asimslK  aiulssis  is  showed  in  Itguic 
Ijtl 


Figure  ^  .  Sirjcture  of  /M.enia  Ni)i«c  Integrated  S  'tlwiue  (Al.>h(  )1S) 


I 

AMM**  i«tl 


itvOukA 

I)k  Al  KiUS  Hilluiuc  utvhtlcviuic  in  tnuUulc\  $\\<\  ii  a  ^tcai 
Ikxitihiv  AftaJ  Uw  u>  ctiUN  irvmi  Uillcicni 

pmttla.  A%  hUKliiin  ol  the  it»(a  aHailaUc  Ick 

U)c  iioActlc  AhkHiUK  iicAUtwni  hkiimitKi  \  ^  1  igmc  ^  2 1 » 

gChUnctiN  .  kUu  aiul  Althtail  Iltisht 

l^lntnwimc  In  Uu«  a4%c  Dk  k«i|>  id  h«iU'Mbiu«i 

1%  pctInrtticO  tUfling  itiHn  ihc  miiul  aturan 
{vcUHiit'n  attJ  rini%hui|  Mith  0>c  tIcf'imiKm  i4  the 
whatA^tcii^K«  (u(  the  na^clW  dnet^, 

ivTik\  Jukt  attcniiatuin  lc^|UlnmH‘nt  Ihu  nfititm 
pcmnt%  to  lump  Jifc%th  to  *Kc  lun  o<  the  Juht-ahOuMu 
anahMi  rnuduk  all  the  iaUubttoitA  lcUt4^1  to  the 

aiikun  mM%c  prclKtHut 

itnpAUiKc  KN)Uitcnicttt  In  thu  m\\\  the 
Imci  JcMgn  tiumltik  noc^%  to  Ik  tun 


h  igui?  '  I'vnMWf  cnlfic-.  \J  St  'IS  v-Hmuc  k4^c 

9  CONCLUSIONS 

Oic  procnlcU  a  ts;iii.‘tal  ovor\icv^  on  atKiaU  lutiM.* 

aiussiuti  prohkin  anJ  relevant  kmo'*  MienU  M  luMW 
^CfUlkution 

Vadwutar  vMnt^UiM^  lu^  heen  (o  Uiow  aitcnitl  vs|ui)>(K*«i 

wxllx  htuli  latio  cn)pm:^  tiuti,  ituittls  \\itn  a  pto|«:< 

lUicttc  <k\hiMk  JcM|tn  >(ton);lN  simitibuicvl  to  vonmminu 
ihmmt  aMciiKnt 

(nriKtal  atwl  nwtlh^ktlt.^^  to  tv  tolK>\sv*J  m.  cai^inc 

iuM.cli<  tKiHiMK  treatment  ikM)tn.  U^ettwr  a  t^cticral 
o\vtMcN^  on  k^m^etituaul  (ivKa)U  tca'>tmt;i  atwt  iiuu>%ati^v' 
(nv»n  U\alU  icjktmgi  titKtx  luw  twii  sk*>i»itVvl 

I  niailN  a  ^irt  vkHtt^^utn  ol  AKmu  Si)lt\%atc  TcKka^ 
i/M  NttiS)  va|>ab«Uiio  M  vniSMtc  nacelle  akt«u«tK  tk«t^  am) 
\»Ki^  mAnMla<t;nmg  ^up$wi  h.»»  \*xt\  ict%at<vt 

\  A*rrm\moM«  *IMH’  I  n^mokfins  VKiKe  ItuU  Soiw 
Suh-«cf»c«’.  I  SI  H  ■  IniirttutKaui 
•  I(ct4man.  M  t  .  'Intctim  ISotutnai  iStxckhac  Kt  Ian 
ami  t  wt^vc%»^r  Vanve  VASA  IMX 

I  *#  '•  am)  1  utxLiW 

\  hitbmc  Kt  I  \Kati«4  Sia«< 

IAoli*lion'  SAI  AKI'^^^I 

-1  /k«iint«ikf  i  'Aititaft  lS«^a>n 

t.\S<MTt  Ilvacluat  Man»«l’  VAVA 
^  Waman  W  {Hut  at«U  ( >allo-Kk*kki»  1,>  *^1  licit  %«( 

KmaarO  Sfvcxl  *Hx  M  VVm^1laj»  (nUnaklnm 
AlAA  l‘a(W ''-4** 

c.  Stetic.  J  K  .'Intctmi  |*tc\]NtK«t  l*'«  Jki  Sta*c' 

SANA  IMX  'ln*  W'-i 

'  Anan%n«au<‘.  *i*a«  1  ‘oiNiic  C  o  A\u) )  shauM  )  km  Si^«c 
|>cJHtwm*  SaJ  AIK  l-Ai* 
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IMPAC  T  DYNAMIC'  LOADS  ON  PROPULSION  INTHORATI(')N 


i.M  Seiner 

Fluid  Mechanics  and  Aa>ustics  l)tvisit>n 
NASA  Lan'dey  Research  C'enicr 
Hampton,  VA  2.Vt8l  IfSA 


SUMMARY 

Aircraft  dynamic  loads  produced  by  engine  exhaust  plumes 
arc  examined  for  a  class  of  mioiary  lighter  and  bomber 
configurations  in  model  and  full  scale  The  configuraiums 
examinetl  are  assix;iak\l  with  the  I -SAP  l'-15  and  B-IB 
aircraft,  and  the  US  F-I8  HARV  and  ASI'OVL  programs. 
The  expenence  gained  as  a  resuh  of  these  stuvlies  is  used  U* 
formulate  a  level  of  un'lersiandlng  concerning  this 
phenomena  that  could  be  u.seful  at  the  preliminary  stage  of 
pn>pulsion/airframe  design. 

I  INTRODUCTION 

Ih’tHlictic'n  of  dynamo  loads  for  aircraft  is  very  cx*mplex  In 
okler  to  *uTivc  at  a  conservative  estimate  for  a  particular 
structure's  ‘orvicc  life,  one  must  id'ien  ctmsuler  dvmtmic 
inputs  from  several  sources  that  can  couple  and  non  Imeaily 
interact  with  the  structure.  The  moNi  familiar  i»f  these 
dyniimic  inputs  are  those  a.s.sovlatc^l  ’viih  turbulent  bouiuLuy 
layer  lluctuaiions.  tuibuleni  wake  flow,  llow  <»ver  cavities, 
and  vorticitv  shed  Irom  the  aircraft  b*rcNKly.  One 
adilituipal  source  for  aircraft  dynamic  buds  is  associated 
wi'h  interaction  ot  the  structure  with  acoustic  energy 
produced  by  the  aircrali  piopulsion  exhaust  system 

I'hcse  aciuistic  load  sources,  which  are  the  subfeci  of  thi> 
pa|XT,  are  generally  overlooked  in  the  aircratt  vtesign  stage 
because,  up  ti>  now,  they  were  eoiisidereil  insignificant 
relative  to  the  other  source  mechanisms  However.  t*ne  can 
ct(ually  aigue  that  uisultu'ieni  inloimahon  exists  to  cleaiiy 
define  this  phenomenon  to  enable  genetalion  o|  an 
appro(>riale  design  procedure  I  he  puiivise  of  this  paivi  u 
not  to  develop  such  a  design  pnvesluiv.  but  !»•  sli“W-  that 
dviianuc  loads  induced  by  noise  Itotit  ihe  aucralt  engines  arc 
iniD’itani 

Ovei  the  last  several  years  at  NA.‘sA,  we  have  been  involved 
Ml  the  study  o|  airvrali  d>n.uiiic  plume  loatls  (Hu  edorts 
have  been  enittely  devtUed  to  the  study  ol  several  dittefcni 
fighter  and  hombet  aircrali.  ranging  Irom  iihKiel  n-  lull  scale 
Our  e.uhest  studies  mvtdved  the  |Utdtlem  ol  taiiguc*  failure 
o|  the  engine  nozzle  oulei  diveigent  flap  sysum  on  the  I 
Iighlei  {kef  1)  uikI  the  B  IB  bitmbei  airciali  (Ret 
The  siUily  in  Kel  1  also  coiisideicd  Ihe  some  (aiigue 
en'iionnieiit  avstKiaicd  wiih  ilnr  twin  2DtM)  rectangular 
nozzles  td  ihe  11^  S/M  ID  (Sht>rt  lake  oil  and  I  anding 
MantMiver  Uvhnology  l)emonsira(oi  |  aiutaft  Oilie:  siudies 
uivolved  liie  iiivestigatuui  ot  dyiiamu  vane  loads  awcKiatrd 
with  the  V(\lonng  Ilaps  of  (In:  NASA  I  IK  IlAKV  (IBgh 
Alpha  Rcseaah  Vehicle)  aiki  dynamic  loads  on  the  fuselage 
and  aertxlynamic  ciMiiiol  surfaces  nccisiaied  with  die  lake 
oil  and  cixrise  mi*des  ol  the  punt  ItS/t'K  su|sefs.-mc 
ASioVl  (Advanced  SIkuI  Take  Oil  aint  VertKal  l.atKimg) 
aucralt  Hns  pajxrf  attempts  to  pr\«vtde  a  CiKtrduuted 
account  ol  the  key  lesulls  o|  ihis  research  expenence.  and 
where  {ossihle,  desctibe  |x>tenliat  me(l^^ls  lor  teduemg 


dynamic  loads  at  (he  integration  de.stgn  stage. 

The  pajser  is  organized  as  follows,  A  brief  review  is 
present'xl  i»f  supersi'tiic  plume  aci»ustic  simrces  to  provide 
understanding  of  physical  characteristics  of  the  dynamic 
structure  h»ads,  llns  is  foIK'Wed  by  a  drscuicvnm  of  the 
fatigue  of  outer  divergent  nozzle  Haps.  vecti»nng  vanes,  jet 
impingement  loads,  and  cruise  scrubbing  loads.  I'lnaily. 
methiHls  are  discussed  to  enhance  comix'iient  service  life 
tiuough  reduction  »>f  these  loads 

2  suim-:r.soniu  im.umi-:  acou.siiu  sourci-.^ 

A  comprehensive  review  ol  ,su|x.*rsomc  let  noise  source 
mechanisms  is  given  m  Refs  ^  and  4  Here,  we  will  only 
highlight  .significant  features  o|  these  si>uices  U*  provide 
better  uiulersianding  ot  role  they  plav  as  |xuenii.il 
mech.inisnis  for  tlie  some  fatigue  lo.uls  These  iioise  souices 
are  geneiicaily  rvlatcu  to  the  divergetke  of  the  gt.klieui  ot 
the  turbulent  Reynolds  stress  tensoi  I  arge  dtllerences  m 
M»und  amphUhle  occur  dejvndmg  oii  whether  the  sourses  are 
convected  subsiuiically  ‘U  \u|x*rsomcall>  and.  in  partuular.  if 
the  liirbulence  is  conwvtisl  Ihnmgh  shock  wave»  in  the 
plume  l  or  pui|'»>ses  here,  we  shall  simply  be  concerned 
with  the  directivity,  umphtuvle  and  s|x\iral  le.uutes  oi  these 
iit'ise  s»»urces 

U  MACH  WAVL  I  MISSION 

t>l  paitivulai  signihnaiue  is  tuibuleiue  iha'  is  v>'iivrs(rsl  .it 
s|seeds  >u|VtsonK  ivUiive  to  llu'  houikI  s|>ev\i  ol  the 
suiTounding  air  ttnJei  lltese  cifv uiusiaikes  mieitse  noise  is 
roilutcd  into  a  furrow  voiw  vunounding  the  jei  axis  Hus 
noise  Is  denottvi.  after  l’h!lh|w  iRel  ^).  as  “eddy  Mavh  w.oe 
c*iu\viotr.  and  Is  easily  re\otdc\l  by  sian\t.tid  sliAli>svgt.i{'ti 
»*r  svlihereii  melhosK  The  hall  cone  angle,  B  defines  liie 
region  for  Mash  wave  emusioi-,.  and  is  \teleumned  lo  in 
s's|uali\>n  I . 

H  sos‘  il  ^  M  1  til 

where  the  sonvexiivr  Mavh  nundwr.  M  ,  loj  Kelvin 
Helml>>4l/  LisUbiliiv  Waves  iKni\k  >.  Xu(visoiik  Instatnluv 
W'avcs  (SNlWr.  aiivl  Subsvuiu  inslabihtv  Wavsi  iSIVki  is 
given  by  (see  tVrtel,  Ref  M. 
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where  and  c.  ore  rcs|*e\ lively  the  lull)  cxpatMles}  )el  exit 
vckxity  and  sound  s|scv\l  The  surn>unshng  air  w>und  s|scesl 
IS  fc|Hescnt  d  by  c.  Hr  convevtive  Mash  iiumbet  foi  iIh* 
KHIW.  SSIW,  aihl  MW  can  jUo  be  ssaii|xile\l  from 
soluiivHis  of  (he  som|Hessibtc  Rayleigh  cxiuoiion 
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Within  the  framework  of  the  acoustic  analogy  approach, 
hfowcs  Williams  and  Maidanik  (Ref.  8)  theoretically  predict 
that  au'ustic  energy  emitted  by  Uie  Mach  wave  mechanism 
is  pmpH.>rtiona!  to  M/.  This  pn'pi^rtionality  anses  at 
supersonic  convection  speeds  when  individual  quadrupole 
sources  radiate  as  monofX'le  sources.  Under  these 
circumstances,  there  is  net  near  field  cancellation  of 
sound,  and  the  acoustic  source  efficiency  is  maximized.  The 
Mach  wave  source  mechanism  produces  acoustic  energy 
between  0.1*^  (evdd  jets)  and  {h<'l  jeisj  of  the  jei 
mechanical  energy.  At  angles  beyond  the  Mach  wave 
emissiim  angle,  the  ac(^ustic  .source  efficiency  dri*ps  to  that 
associated  with  subsonically  convected  quadnqH.les.  which  is 
in  the  order  i>f  ().0l<^  of  the  jet  mechanical  energy. 

1  he  data  of  figure  I  illustrates  the  teatures  discusseil  ab»»ve 
for  turbulent  generated  noise  fn-m  jets  it{H;ratmg  fuliy 
pressure  balanced  (i.e  no  plume  shocks).  Here  the  h»*t  jet 
far  field  acoustic  data  rcp^>ned  earlier  by  Seiner  el.  al  (Ret 
^))  IS  extrap«>luied  to  a  path  co-linear  with  the  jet  axis  with  a 

2  5  )ct  diaiiu'tcr  displacement.  The  exit  design  Mach 
number  and  diameter  of  the  no//le  are  respectively  2  and 
‘>144  cm  In  this  extrapolation,  the  jet  sources  are 
presunievi  to  he  bvaled  along  the  jet  lip  line  anil  at  a 
distance  ot  5  )et  exit  diameters  downstream  (he  acoustic 
levels  along  this  co  litwar  path  are  given  m  lenns  oi  psi 
rms  (v*r  lour  |ei  exit  toul  temivratures  of  tit.  755.  n  14. 
and  ItTtfK, 


Mach  Emission  Characteristics  of  KHIW  for 
Mach  2  Jet. 
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The  data  in  figure  1  clearly  demonstrate  the  impisuancc.of 
the  Mach  wave  emission  mechanism.  Pressure  amplitudes 
near  O.b  psi  mis  are  achieved  for  an  unheated  (T^  =  3l3''K) 
Mach  2  jet  and  levels  at  10  psi-rms  are  reached  for 
extremely  hi't  jets  (T„  =  1370‘K).  For  mo.si  fighter  aircraft 
cimfiguralions  this  is  of  no  cimsequcncc.  However,  the 
fuselage  tail,  horizontal  and  vertical  stabilizer  structures  of 
bi'mber  and  ASTOVl.  configutatioiis  with  supercritical 
engine  m'Z/Ie  pressure  ratios  need  to  be  designed  to  handle 
these  K»ad.s,  Ihc  Y/I)  =  2.5  distance  used  in  f  igure  I  is 
typical  of  mivst  bomber  aircraft,  and  halve  these  observed 
levels  w-ituld  require  a  doubling  of  the  distance  fnmi  the  )et 
lip  line  Several  of  the  supersonic  AS  I’OVl.  designs  have 
jet  centerline  to  luselage  disiaiKes  i*f  one  jcl  diameter  This 
places  ir  vh  id  the  aircraft  tail  in  tlie  hydn»dynamic  pressure 
lield  wlierc  dynamic  li»aii  levels  exceed  1  psi  nns  Many 
aircraft  i>perate  at  military  |H>wer  settings  that  have  jet  Mai 
iem|vralures  in  ilie  range  755  to 


I  igu;e  I  Near  1  ivM  .A'.cvnii*.  I^\  t»ute  At«>ng  i \»  I 
l*aih  !«•  lire  let 

ihe  large  iiureasc  in  j«>>uiti\  I’rewute  .VU  -  5  ^*0 

fic  altribules!  lo  Ma«h  wai^  eittis»i<<n  diH*  !«•  the  KMIW 
table  I  lists  the  coiisevtis^  Mash  nimibet.  Mavh  emissnat 
angle,  an  I  axt.  I  hsatixn  |Vak  energv  etmttesl  ak>ng  Uis 
ia\  |v»ih  as  I'.eshsiesl  bv  (xpiiitons  I  ar»>l  2  b*i  the  KHIW 
Ha  csl  ♦  n  the  atuUsit  id  Kel  ‘z  for  Uk  range  of  K*  exit 
ts'injvtatutes  in  figure  I.  Ihe  S'sl^  emit  onli  aiiatl 
amplituvte  waves  aiKl  the  NtW  n>*t  exist  A 
*4‘mpans  -n  is  eshibited  between  ihe  jHs'.lKiesI  |veak  cnergv 
i>sah«'n«  of  the  KIII^  and  ihj^e  jsrak  am|ditUt!e  (•salr-m 
sh.iwn  in  I  igurr  1  ihc  w‘urtJ  e<itilie\i  at  l>'%al»ons  X-'H  v  u 
IS  4ss<Maii\l  wiUi  turbuieiKc  being  convex  test  at  cuK<-ik 
sjvrh-'Os.  dial  ts  M  *.  1  based  «>n  cxjuatHms  I  lhl*H<gh  ‘ 

Here  the  asi'UstK  S4>itt\e  rashales  axt'UstN  enrrgx  as  a 
qUAiru|xt|e  s«>mce  with  much  b‘wef  a^t^ustK  efiKteiHX 


!  igure  2  Nti'^uha)  frcvjueiwy  of  |vrak  asotisiu  energy 
along  Ci'  lineal  path  to  jet  axis  at  V/H  -^2  5 

In  aidithm  u>  tile  dyiiatUK  hi.wt  level,  the  structural  design 
metlxHl  rcxfuuex  ^oiisnleralism  of  the  h«ads  s|VcUvm  Mw  data 
in  frgure  2  present  ilie  vanatiisn  »d  Ntb‘uk4l  frcsjueticv.  \ 
along  me  same  so  hiieai  path  id  figure  I  f4>r  the  fct  exit 
temperatuir  t«|  iPt^K  Hv  values  (oi  S,  are  llioce 
axx.Kialcd  with  the  |veak  s|wtral  am)diiuvle  id  the  vfiectrum 
at  rash  axial  l>  salitm  Hie  Slfouhal  ltec|uei>c>  is  given  bv 
S,  -  nv\\.  where  f.  1)  ami  \\  ant  fes|vectivel>  lire 
liexjucncv  |ci  exit  diameter,  arwl  fully  ex|samlcd  jet  vcKsiiv 
Near  X'1>  ^  7,  the  vjlue  fte  S,  is  HtW.  whwh  wt-uld 
x4incx|xitHl  in  m«isi  full  ualc  apfdicatiiifH.  k*  a  flequriKy 
nca#  Itit  Hz  Ihe  kwaittm.  XA)  *  7.  ts  representative  id 
witcre  inavtmutn  k>ail  levels  are  ft-urKl  fiU  all  jet 
icmpriatures  invevitgaled  atwl  shi^wn  in  figure  I 
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2b  SHOCK  GENBRATED  NOISE 

For  those  aircraft  missions  involving  supercritical  engine 
nozzle  pressure  ratios,  it  is  extremely  difficult  to  schedule 
engine  nozzle  geometry  to  achieve  fully  pressure  balanced 
operation  over  its  mission  cycle.  Additionally,  nozzle 
geometry  has  yet  to  be  developed  that  entirely  eliminates 
internally  generated  shock  >vaves.  like  that  achieved  using  a 
geometry  designed  by  the  method  of  characteristics.  Thus 
all  supercritical  engine  operations  always  lead  to  the 
presence  of  shock  waves  in  the  jet  plume.  The  presence  of 
shock  waves  in  an  exhaust  plume  gives  nse  to  an  additional 
noise  source. 

When  turbulence  is  convected  through  a  shock  wave  iLs 
interaction  increases  the  fluctuating  energy  m  the  vorticity. 
entropy,  and  sound  mivJes.  For  purposes  of  this  paper,  ii  is 
the  sound  mode,  termed  shock  noise,  that  is  of  interest 
Shock  nt'ise  consists  of  a  broadband  spectrum,  termed 
brt'adband  slK>ck  noise.  This  si^urce  noise  component  has  an 
energy  peak  in  the  spectrum  (hat  ts  fXtppler  dc^ndent. 

Wl)en  the  plume  sfKKk  cell  spacing  i.s  near  an  integer 
multiple  of  the  wavelength  for  (he  most  highly  amplified 
fixed  frequem  y  wave  the  jet  !.hear  layer,  the  shiHk  v'aves 
will  oscillate  at  that  frequency  prinlucing  what  is  termed  jet 
screevh  The  screech  mechanism  requires  feedback  of 
acoustically  generated  noise  (»'  the  nozzle  exit  to  he  pn*perly 
miintained 


>  *0  •> 

• kM/ 

l  iguie  t  I  . sample  «lksk  n  ue  qHMnim 
bri>a«IKind  ami  Hiecsh 

1  igurr  ^  p«to..}c«  a  lyfHcal  example  o(  the  MtnittK  far  fkid 
(K/l>  --  72j  )sro|^tte«  of  S‘lh  brsMJKand  *lkKk  mnw  ami  jei 
»s.re«vH  Iliix  example  perUins  k»  the  ovaexpanded 
opcfahon  «d  an  unliealesl  Mash  2  nozzle  ai  a  fully  ctpatklcsl 
jet  Mmh  number  id  M  I  he  IX*ppfer  «hifi  of  the 
(requetK).  of  the  bnctothamt  «|Vcifat  peak  amplitude  xaliic 
|4  vlearly  observed  Ihe  screevh  «tcquetuy.  shown  a*  a 
narrow  xjsike  juM  beVoa  ai  0  «  1^**.  ix  m*!  |V*pf4er 
thificsl 


Prediction  of  the  broadband  shock  noise  source  for  simple 
jets  has  been  achieved  through  both  the  analogy  approach 
(Howe  and  Ffowes  W’illiams.  Ref.  10)  and  the  compressible 
Rayleigh  model  (Tam.  Ref.  11).  The  model  of  Tam  has  thus 
far  achieved  the  most  success  when  results  are  compared  to 
measured  data  for  hot  jets  in  forward  flight.  Prediction  of 
the  amplitude  of  jet  scrccch  still  remains  a  formidable 
challenge,  since  one  needs  to  first  re.solve  (he  initial  jet  shear 
layer's  receptivity  to  acoustic  forcing  by  the  upstream 
generated  noise  produced  in  the  jet  screech  cycle.  The 
frequency  of  jet  screech  can  be  predicted  Irom  Powell's 
minJel  (Ref.  12).  or  more  appropriately,  using  the 
compressible  Rayleigh  model  (Ref.  13). 

Simple  relations  can  be  used  to  predict  the  frequency  of  jet 
screech  am)  the  frequency  at  which  (he  broadband  shock 
noise  spectrum  achieves  maximum  amplitude,  and  the  energy 
produced  by  broadband  shock  noise.  These  relations  are  as 
foIUiws. 

.Screech  Fr«|uerky  : 

5..  =  f.l>/V,  =  Vl),(l  -  +  M  -  M,))  (5) 

STcquency  for  Broadband  Peak  Amplitude  ; 

5.,  =  g)/V,  =  Vi),(l  ■  M,)/(LV.(1  .  M,CI>S«  .  M,))  (6) 

Broadband  Shrvk  Noise  InienMiy 

1  (waiu/mT  I'liNl  ■  [g/p*)’  ’i  tiM,'  ■  Nl,  t*  (7) 

where  in  the  above,  1)  is  Uie  jet  exit  nozzle  diaineiei,  i> 
the  ik»/z)e  design  Mach  number,  M,  is  Die  fully  expaiidevt  )cl 
Mach  number.  1),  i\  the  lully  expamled  |el  diameter  (Ret 
U).  V,  i\  ilie  iiiiiy  exfvaiuled  )ct  velovitv,  M,  is  the 
convection  velocity  h>r  the  KlllW.  V,  the  ci>nvection 
vchKitv  delerniined  from  c^M.  ucing  equation  2,  M,  the  flight 
Mach  number.  U  i\  the  rmisiion  angle  Irom  ihe  let  axi>,  (I 
-  (M/  h‘*.  1  u  the  plume  shtKk  spacing,  and  f  i\  a 

vhtvk  tioive  ampliimie  parameter  gisen  m  labie  II  Plume 
»lHKk  stvacing  can  be  computed  udng  numerical  vimulationc 
to  obtain  ilw  citevi  of  flight.  »c  c|»i*wn  ui  Kef  I'.  ‘*t  fnmi 
the  etnpincal  relaiiottchip  Jenved  from  Ub«»ritot>  data  lot 
viatic  n>utKJ  jcU  av  given  by. 

1  -  alRM;  tr  (Ki 

•Iwre  tlK*  vsvflMcntc  a  b  and  i  ate  licted  m  I  able  11 

Irfblc  1)  \h>vk  None  (\>cffKienu 
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Iquatkm  ?  n  onis  vaml  foi  yet  piunxex  that  ctmt.iut  weak 
oblique  xbivkc  However.  «kwpite  thn.  equation  7  predttU 
that  ftufficietil  vhock  notvc  energy  u  generated  to  be 
viHnpexitive  wuh  that  a»v«Malcd  with  the  evkly  Mach  wave 
meshantem  At  fl  *  Mf.  Figure  I  dv'w«  that  b»*(h  the 
br^aUbaiwI  and  |et  wtee\h  ctun|k»nefiU  pccwhice  nearly  equal 
xouod  levels  t>>  thoce  getterated  by  the  )e<  rvnee 
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The  maximum  sound  pressure  levels  listed  in  Figure  3  show 
that  the  shock  noise  components  radiate  most  of  their  energy 
upstream  in  the  direction  of  the  nozzle  inlet.  In  this 
direction,  shock  noise  totally  dominates  the  jet  noise 
components  described  in  section  2a. 


By  way  of  illustration,  Figme  4  shows  the  excess  noise 
generated  by  screech  and  broadband  shock  noise  for  a  series 
of  nozzles.  Here  the  measured  sound  pressure  level, 
recorded  at  R/D  =  80  and  6  =  I5tf.  is  plotted  against  the 
parameter  p  =  (M,*  '  l)‘'^  which  is  related  to  the  nozzle 
pressure  ratio  through  M,.  These  sound  pressure  levels  are 
shown  to  vary  significantly  above  tnose  recorded  for  shock 
free  nozzles.  The  solid  line  represents  measured  sound 
pressure  levels  for  stn^k  free  jets.  Point  A  represents  the 
Mach  1.5  iH'ZzJe  design  p»»int  at  P  =  l.l.  Point  (* 
represents  peak  sh<Kk  noise  for  overexpanded  operation  of 
the  Mj  =  1.5  nozzles,  and  point  B  iht  |ic;ik  sh<H;k  n«'isc  for 
their  corre.sptinding  underexpanded  operation.  The  nozzle 
that  appears  to  have  the  worst  trend  for  high  amplitude 
sh*Kk  muse  generation  is  the  conical  convergent-divergent 
(('•D)  Mach  15  ih'zzle  There  appears  to  he  no  operational 
fKunt  where  shock  noise  is  significantly  reduces!.  Its  minlel 
m'//le  get'metry  is  denved  from  that  used  on  F  IBO  engines 
at  cruise  |>'Wer  selling  for  115  aucraft.  F.xcepi  for  a  tew 
o|x.'rational  p^nnlN  near  !ts  design  Mach  numher.  the 
cv*nvcrgent  iio/zle  appears  to  be  nu're  satisfactory  than  the 
conical  ('•!). 
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l-tgufc  4  Nhx\k  la'ue  amplitude  bchavi««r  of  cotivctgetH 
and  sonvctgetii  divergent  m*//le» 


In  ilw  aN'vc  di^us*i**n,  v^e  have  ievvevie\l  frt‘m  a  genetiv 
j^oni  i  t  View  ^hai«kten«iK»  of  Kah  the  |et  and  mM«e 

viove  ^oitij^wnu  f.if  su|vetM<nK  jeu  We  wdt  ivw  begin 
t>>  l>H'k  al  wvetal  •>(  tlw*  aiKlall  v4w«  that  have  h^ 
vom|VKtetit  fatigue  (oilutev  b*  tee  what  (.de  OKtwiaiu.  h^v  !ia1 
in  c«>ntrthutmg  to  ilw«e  failuiet 


\  l.NtilNI.  NO/yil  <HMI  K  IHVI-Klil  NI  i  I  AIS 

tKitcf  divergent  fUpv  aie  uwd  i*n  all  no/zk«  that 

operate  with  vupeKfilK-oi  prevture  nilo»v  xr.J  Ivave  vonaMe 
area  geteneiry  llvev  >ie  uwd  to  iv^ud  exvcwivc  novelle 
afletKxlv  iltog  per,altie«  (hoi  Wi^tykl  ottve  from  maeitve  fV*w 
veparation  over  the  engme  rv»/jle  eoul  if  thc>  were 
temove\l  Iwu  aifcrofi  that  have  ’'crn  plagued  t*v  Utiuic  of 


their  engine  nozzle  outer  divergent  flap  system  are  the  F-15. 
powered  by  twin  Pratt  &  Whitney  F-lOO  engines,  and  the  B- 
IB  aircraft,  powered  by  fooi  General  Electric  F*101  engines 
in  two  twin  nacelles.  The  F-15.  which  currently  performs 
its  mission  without  these  flaps,  experienced  fatigue  failure  of 
its  outer  engine  nozzle  divergent  flaps  on  early  production 
aircraft  delivered  to  the  USAF.  The  B-IB  aircraft 
experienced  fatigue  failure  of  the  forward  h.nge  mechanism 
that  held  the  divergent  flap  in  place  at  the  trailing  edge  of 
the  nozzle  lip.  However,  for  the  B-IB,  it  was  not  possible 
to  remove  Uie  divergent  flaps,  unless  one  was  willing  to 
reduce  mission  potential. 

It  is  impi>rtant  to  note  that  nut  al)  aircraft  which  use  outer 
divergent  flaps  have  had  failures  with  their  system.  Notable 
examples  of  trouble  free  tiperaiion  are  provided  by  the  F-14 
and  F-18  aircraft.  These  aircraft  have  wider  engine 
centerline  spacings.  To  understand  the  problem  associated 
with  the  F*I5  and  B-IB.  it  is  necessary  to  introduce  two 
imfHvrtant  phem>mcnu  that  occur  specifically  in  aircraft  with 
twin  engine  nacelles,  and  with  engine  centerline  .spacings 
near  2  jet  diameters  in  the  cruise  power  setting. 

The  first  phem^menon,  termed  twin  supersonic  plume 
rc'sonancc  (Kef  14).  is  assi>ciated  with  phased  ci^upling  of 
the  turbulent  large  scale  structure  of  each  engine's  exhaust 
plume.  Under  these  circumstances,  acoustic  feedback 
assiKiated  with  ihe  jet  screech  cycle  is  iiwreasevl  priHlucing 
substantially  higher  dynamic  levels  al  the  inic  notzle 
exhaii.vt  plane  The  second  phervomenon  is  assiK'iated  with 
the  sheilding  and  burMing  of  vorliciiy  fnmi  aircrafl  foiebiHiy 
parts,  fwin  engine  n.icelles  generate  a  regnm  of  h'W  static 
pressure  in  the  lacclk  afterb»Hly  inter  tH>//lc  region  lliis 
lowf  static  jifessure  pn*vidcv  a  driving  force  for  Ihe 
convection  of  burst  v\*rticii>  into  the  region  id  the  nacelle 
afterbiKty  Each  of  these  idienoniena  can  be  illustrated  using 
nuKlel  results 

ta  IWIN  .11:1  IM  UMi:  R|:M)NAN(‘I. 


1  igutc  shows  a  {diatc  averaged  Khiieteti  rvvvirvl  o)  the 
iwm  plume  exhaust  fh»m  a  }'  15  oanki  cmfveunage  Both 
nozzles  »te  convergent,  aiwl  ofieraimg  unhealed  at  a  nozzle 
pr*'ssore  ratio  2  85  (le  M,  •»  1  12)  The  centerline 
spacing  o(  eash  plume  i  I  ^  nozzle  diamctcn  ihe 
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vbmnstream  of  the  iM*//|e  exit  Ihe  hwliatcd  jet  ivtewii 
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i!iin*viuvtiozt  of  rhe  disiuihoiice  be  a|«|dicd  \o  one  iwc/ik 
Figure  ^b  shows  the  rc»uHt»|  t*m  jex  pfume  strXKiute  wheu 


a.  phase  averaged  schliereo  of  unsuppressed  mode 


b.  phase  averaged  schlieten  of  suppressed  mode 


Figure  5.  Illustration  of  twin  jet  plume  resonance  and 
method  for  reduction. 

a  single  lab-like  device  is  applied  to  the  upper  now.le.  It  is 
clear  from  this  schlieren  record  that  the  flow  structure  of 
each  plume  is  uncoupled  and  that  the  shock  cell  length  of 
the  affected  plume  is  shorter  than  the  undisturbed  plume. 
Under  these  circumstances,  -o  organized  feedback  can  take 
p'ace  in  the  jet  screech  cycle. 

Figure  fi  shows  the  resulting  reduction  of  amplitude  of  the 
jet  screech  component  in  the  nacelle  afterbody  inter-nozzle 
region  when  the  twin  jets  are  operated  unsuppressed  and 
with  a  tab  in  one  nozzle.  The  dynamic  pressures  were 
obtained  over  a  very  wide  range  of  fully  expanded  jet  Mach 
numbers.  Levels  approaching  0.4  psi-rms  at  M,  =  1..4  arc 
observed  for  the  unsuppressed  screech  mode.  This  level  is 
well  above  the  O.lb  psi-rms  value,  where  Ref.  16  reporteii 
significant  sonic  fatigue  and  crack  growth  problems  on  the 
1-15  fuselage,  vertical  and  honzontal  stabilizer  components. 


This  reference  level  for  fatigue  is  shown  in  Figure  6  by  the 
da.shcd  line.  Application  of  the  tab  to  one  nozzle  reduces 
the  amplitude  of  screech  to  less  than  0.1  psi-rms.  The 
azimuthal  location  of  the  single  tab  is  unimportant. 


Mj 


Figure  6.  Magnitude  of  inter-nozzle  dynamic  pressures  in 
unsuppressed  and  suppressed  modes. 

3h  SWEPT  FORF.nODY  SPPARATF.D  II.QW 

To  enable  study  of  the  second  phenomenon  a.ssociatcd  with 
twin  engine  nacelles,  a  flow  visualization  study  was 
conducted  on  a  1/72  scale  full  span  model  of  the  D-ID 
aircraft.  The 

right  hand  twin  engine  nacelle  was  constructed  with  flow 
through  inlets  and  exhaust  nozzles.  Flow  through  this 
powered  nacelle  was  adjusted  to  correspond  to  a  jet  to  free- 
stream  velocity  ratio  of  2.07.  Dye  tracers  were  injected  at 
the  aircraft  nose  and  at  locations  just  upsu-eam  of  the 
nozzles  on  the  over-the-wing  fairing,  The  sweepback  angle 
of  the  wing  was  fixed  at  67.5'  and  photographs  of  tile  dye 
streaks  were  acquired  with  aircraft  angles  of  attack  of  a  = 
(T  and  2'. 

Figure  7  shows  the  flow  visualization  results.  The  dye 
tracer  released  at  the  nose  of  the  model  aircraft  indicates 
smooth,  undisturbed  flow  to  a  region  near  the  leading  edge 
of  the  wing  body  junction.  At  this  point,  a  vortex  rolls  up. 
bursts  mid-chord,  and  is  convected  into  the  inter-nozzle 
region  of  the  twin  engine  nacelle  afterbody.  When  the  dye 
tracer  is  released  at  points  on  the  over-the-wmg  fairing  the 
flow  is  again  seen  to  be  swept  into  the  same  inter-nozzle 
region. 


Figure  7.  Flow  visualizalion  of  1/72  scale  D-IR  full  span 
model  with  How  through  inlet  and  exhaust. 
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In  order  lu  attain  an  understanding  of  how  each  of  these 
phenomena  contributed  to  the  dynamic  fatigue  failure  of  the 
engine  nozzle  outer  divergent  flaps  on  the  F-I.S  and  B-lf) 
aircraft,  we  shall  have  to  look  at  results  obtained  with  full 
span  wind  tunnel  tests  and  full  scale  flight  czperiments. 


not  a  definitive  parameter,  for  sonic  fatigue.  One  generally 
needs  to  consider  a  structures  response  to  the  applied  . 
dynamic  load.  To  do  this  consider  for  the  same  flight 
conditions  of  Figure  9  the  following  acceleration  and  strain 
spectrum  in  Figure  10. 


3c  F-15  FLUX  SCALE  STUDIF.-S 


Full  scale  studies  were  conducted  at  the  NA.SA  Dryden 
Flight  Research  Center  using  their  F-15  research  aircraft. 
This  aircraft  was  still  equipped  with  engine  nozzle  outer 
divergent  flaps.  These  flaps,  as  indicated  in  Figure  8,  were 
instrumented  with  static  and  dynamic  pressure  sensors, 
thermocouples,  accelerometers  and  strain  gages.  The  aircraft 


Figure  8.  Ames-Dryden  F-15  flight  test  vehicle. 


was  flown  throughout  its  entire  flight  envelope  including 
supersonic  dash  at  altitudes  from  1.5  km  to  13.7  km  and  at 
all  engine  power  settings  including  one  engine  at  idle. 
Representative  results  from  this  study  are  shown  in  figures  9, 
10,  and  11. 

Figure  9  shows  the  measured  dynamic  pressure  spectrum  in 
psi-rms  for  the  divergent  outer  D-flap  on  the  left-hand 
engine.  The  sensor  is  mounted  in  the  central  section  of  this 
flap.  The  D-flap  is  one  that  is  located  in  the  inter-nozzle 
region  of  the  afterbody  nacelle,  where  we  espect  the  highest 
dynamic  loads  to  be  found  based  on  field  reports  of  fatigue 
failure.  Both  F-lOO  engines  are  operating  at  military  power 
with  an  aircraft  angle  of  attack,  a  =  0”.  flight  Mach  number 
of  M,  =  0.723,  and  altitude  of  4.72  km.  The  predicted 
screech  frequency,  f,,  for  these  engine  power  settings  and 
aircraft  speed  is  63  Hz.,  as  indicated  in  Figure  9.  This 
frequency  is  computed  using  equation  5.  From  equation  6, 
the  predicted  peak  amplitude  frequency  for  broadband  shock 
noise,  fp.  is  near  70  Hz,  As  can  be  seen,  there  are  peaks  in 
the  spectrum  near  these  frequencies.  The  discrete  tone  at 
400  Hz.  is  aircraft  power  line  frequency.  The  frequencies 
between  60  and  90  Hz.  contain  most  of  the  energy  in  this 
loads  spectrum. 

The  magnitude  of  the  spectral  components  for  full  scale, 
however,  fall  far  below  the  levels  recorded  in  the  small 
model  study  shown  previously  in  Figure  6,  The  spectrum 
peak  amplitude  level  of  t),(K)X  psi-rms  lies  20  times  below 
the  reference  level  of  Ref.  16  for  sonic  fatigue  failure.  It 
should  he  noted,  however,  that  amplitude  level  hy  itself  is 


Figure  9.  F-15  full  scale  aircraft  outer  flap  dynamic  loads 

spectrum. 


Acceleration 


Figure  10.  F-15  full  scale  acceleration  and  strain  spccUum. 


Here  the  accelerometer  is  located  on  the  D-flap  in  the  same 
vicinity  of  the  dynamic  pressure  transducer.  The  strain  gage 
is  located  near  the  trailing  edge  of  the  D-flap.  where  most 
fatigue  failures  were  reported.  Both  the  acceleration  and 
strain  spectrum  show  a  high  amplitude  narrow  band  content 
centered  near  100  Hz.  In  laboratory  testing  of  the  titanium 
outer  flap.  Pratt  &  Whitney  determined  a  fundamental  flap 
resonance  frequency  of  104  Hz.  Thus  the  measured 
response  of  the  flight  hardware  lies  close  to  that  determined 
in  earlier  studies  at  Pratt  &  Whitney,  We  sec  from  these 
spectra  that  the  excitation  loads  spectrum  lies  close  to  the 
natural  response  of  the  outer  divergent  structure  under  flight 
conditions. 


In  Figure  II  it  is  shown,  that  a  good  correlation  exists 
between  the  applied  dynamic  pressure  load  and  the  flap’s 
response  to  this  load. 

Based  on  data  similar  to  that  in  Figures  9,  10.  and  11,  for 
other  flight  conditions  and  engine  power  settings,  it  ts 
possible  to  estimate  the  time  to  failure  of  the  F-15  aircraft's 
outer  divergent  flaps.  The  number  of  cycles  to  failure  can 
be  estimated  from  equation  9  as  follows, 

N  (cycles)  =  (o„  /  o)”  =  (a„  /  Fo”  (9) 

where  for  a  titanium  panel,  a,  =  3.3*10’  psi,  F,  =  15.5*10* 
psi,  m  =  5,  and  £  is  the  strain.  The  data  from  the  flight 
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Figure  II.  F-I5  full  .scale  coherence  between  applied 
dynamic  load  and  flap  strain  field. 


study  produced  the  following  correlation  of  strain  with 
aircraft  dynamic  pressure,  Q,  as  follows. 


E  (strain)  =  3.9*10’  P  (psi) 

P  (psi)  <=  2.6*10*  Q  (psf) 

Substitution  of  tlie  correlations  in  equation  10  into  9 
produces  the  following  estimate  for  time  to  failure, 

T  (Hrs.)  =  (f,;9  /3600)  =  (f.  /  3600)(Q,  /  0) 


(10) 


(11) 


where  the  reference  aircraft  dynamic  pressure,  Q»  is  21,2(X) 
psf  and  the  fundamental  flap  resonance  frequency,  f,.  is  104 
Hz.  The  estimated  time  to  failure  of  the  F-l.S  aircraft 
engine  nozzle  t'uter  divergent  flaps  is  plotted  in  Figure  12 
from  calculations  based  on  equation  II.  Field  reports  on 
llap  failures  usually  followed  after  use  of  the  engine 
afterburner  and  often  with  as  little  as  15  hours  of  flight 
time.  Most  afterburner  applications  involve  aircraft  operation 
where  Q  is  in  the  order  of  800  psf.  From  the  time  to 
failure  curve  in  Figure  12,  we  sec  the  prediction  for  flap 
failure  is  in  line  with  field  csperience. 


3d  F-15  WIND  TIINNI'I.  TliSTlNO 

A  study  involving  acquisition  of  dynamic  loads  data  on  an 
8.33'!('  full  span  model  of  the  F-15  and  F-15  S/MTD  was 
conducted  in  the  NA.SA  Langley  16  Ft.  Transonic  Wind 
Tunnel.  Tlie  full  span  models  arc  shown  in  figures  1 3a  and 
13b.  The  objectives  of  this  study  were  to  determing  if 
testing  in  a  wind  tunnel  would  produce  similar  rc.sults  to  the 
F-15  flight  test  program  and  to  determine  whether  the  F-15 
S/MTD  research  airplane  with  its  2D-CD  nozzles  would  face 
potential  fatigue  problems  like  those  that  plagued  the  F-15 
airplane. 


a.  8.33%  F-15  model  with  axisymmetric  nozzles. 


b.  8.33%  F-15  S/MTD  model  with  2D-CD  nozzles. 
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Figure  12.  listimated  time  to  failure  of  F-15  aircraft  engine 
no/zle  ouler  divergent  flaps. 


Figure  13.  Full  span  model  testing  in  Langley  16  Ft. 
tunnel. 

Figure  14  presents  a  summary  of  the  dynamic  loads  recorded 
in  both  wind  tunnel  and  flight  tests.  These  loads  are 
correlated  with  the  aircraft  dynamic  pressure,  Q.  All  results 
pertain  to  operation  of  both  nozzles  at  a  pressure  ratio  of 
3.89.  Transducer  72  is  positioned  at  the  D-flap  location  in 
both  the  flight  and  wind  tunnel  experiments.  Transducer  7.5 
is  located  on  the  model  in  the  L-flap  location  of  full  scale, 
which  corresponds  to  an  outboard  location  on  the  left-hand 
engine  180"  from  the  D-flap  sensor. 

Both  the  wind  tunnel  and  flight  experiments  produce  nearly 
equivalent  dynamic  load  levels  at  the  D-flap  location.  This 
gives  a  good  indication  that  wind  tunnel  testing  can  provide 
adequate  representation  of  the  loads  environment  associated 
with  the  afterbody  nacelle  in  twin  engine  configurations. 

The  full  span  model  results  also  indicate  that  outboard  flap 
locations  have  remarkably  lower  dynamic  load  amplitudes. 
This  is  consistent  with  the  model  scale  studies  of  Ref.  14. 

In  that  study,  inter-nozzle  dynamic  pressures  were  found  to 
he  5  times  greater  than  those  recorded  at  outboard  locations. 
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Figure  14.  Model  and  full  scale  dynamic  loads  .scaling  with 
aircraft  dynamic  pressure. 

In  a  similar  fashion  to  the  data  presented  in  Figure  14, 
Figure  15  shows  results  obtained  with  the  F-15  S/MTD 
model.  Here,  it  can  be  observed  that  the  dynamic  loads  on 
the  divergent  outer  flap  and  in-board  sidewall  are 
considerably  lower  than  those  obtained  with  the  F-15 
axisymmctric  norzles.  This  observation  has  yet  to  be 
confirmed  from  flight  test  data. 
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Figure  I5.  Comparison  of  dynamic  load  amplitudes 
between  axisymmetric  and  2D-CD  nozzles. 


tC  H-in  l  Ul.l.  AND  MODF.l,  .SCAl.H  RU.SUUS 


The  H-IH  research  aircraft  represents  a  more  complex 
challenge  than  the  F-15  aircraft.  In  the  H-ll)  aircraft,  both 
the  twin  jet  plume  resonance  and  separated  flow  mechanisms 
compete  in  different  parts  of  the  flight  mission  to  define  the 
dynamic  loads  spectrum. 

Figure  K)  shows  a  typical  loads  spectfum  acquired  from  the 
H  I  It  flight  test  program.  I  he  spectrum  is  from  a  sensor 


located  in  the  inler-nozzle  region  near  the  trailing  edge  of 
the  left-hand  engine  outer  divergent  flap.  For  this  flight 
condition,  M,  =  0.R5.  and  engine  power  selling,  equation  5 
predicts  a  jet  plume  screech  frequency.  f„  of  31  Hz.  and 
equation  6  a  broadbiind  .spectral  peak  amplitude  at  a 
frequency  f^  =  70  Hz,  As  can  be  seen,  the.se  predicted 
frequencies  agree  well  with  the  spectral  peaks  in  the  flight 
spectrum.  Wind  tunnel  tests  with  a  (>%  full  span  model  in 
the  Langley  16  Ft.  tunnel,  shown  in  Figure  17,  provide  a 
different  interpretation  of  the  flight  test  spectrum  of  Figure 
16. 
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Figure  16.  Typical  engine  outer  divergent  flap  dynamic 
loads  spectrum  from  B-IB  flight  lest  program 
(from  Ref.  2). 


Figure  17.  B-IB  6%  full  span  model  in  16  ft.  tunnel. 


To  see  this,  consider  the  sample  dynamic  loads  spectrum  of 
figure  18.  which  is  derived  from  the  wind  tunnel  model 
tests.  In  this  spectrum,  contributions  from  both  the  separated 
flow  and  twin  jet  plume  resonance  phenomena  are  identified. 
At  the  relatively  low  speed  of  the  simulated  forward  flight 
Mach  number  of  0.2,  both  mechanisms  pn>duce  well  defined 
spevtra!  peaks  at  different  locations  in  the  spectrum.  As  the 
forward  flight  speed  increases,  the  separated  flow  mechanism 
produces  a  spectral  peak  amplitude  frequency  that  shifts  to 
higher  values  due  to  the  increased  convection  velixity.  The 
opposite  Uend  applies  to  the  twin  jet  resonance  phenomenon, 
where  the  spacing  of  plume  shocks  is  increased  due  to 
forward  speed  effects  and  screech  and  broadband  shock  noise 
frequencies  decrease  as  is  predicletl  by  c(|uations  5  and  6 
At  a  flight  Mach  number  of  0.85.  both  mechanisms  have 
spectral  peak  amplitudes  near  the  same  value  of  frequency. 

In  the  flight  case  spectrum,  both  mechanisms  produce 
spectral  peak  amplitudes  near  30  Hz, 
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l^igure  18.  Characlcri.stic  .spectrum  showing  competing 
mechanisms. 


the  value  of  retaining  such  a  device  for  production  aircrafi 
and  incurring  the  expense  of  costly  maintenance,  or 
removing  the  flaps  and  incurring  a  performance  penally 
which  could  effect  the  aircrafi  mission  profile. 

In  ihe  wind  tunnel  study,  a  lest  was  conducted  to  address 
this  issue.  A  three  component  .shell  balance  was  placed  in 
the  left-hand  nacelle.  The  external  flap  contour  was 
removed  from  an  additional  set  of  dry  powered  nozzles,  as 
shown  in  Figure  20.  As  shown  in  Figure  21,  a  difference  of 
six  drag  counts  is  representative  of  the  average  difference  in 
nacelle  C,,  over  the  Mach  number  range  investigated.  The 
nacelle  afterbody  drag  increases  sharply  beyond  M,  =  0.85 
even  for  Ihe  nozzles  with  outer  divergent  flaps  due  to 
massive  separation  of  flow  induced  by  a  shock  on  the  nozzle 
afterbody.  The  variation  of  afterbody  drag  was  found  to 
depend  only  slightly  on  aii  craft  angle  of  attack. 


To  further  confirm  this  observation,  Figure  19  shows  a  plot 
of  the  spectral  peak  amplitudes  asstxtialcd  with  each 
phenomenon  as  a  function  of  the  wind  tunnel  Mach  number. 
The  nt'Z/le  pressure  ratio  is  held  constant  with  a  value  of 
2.4  for  this  comparison.  Here  it  is  observed  that  dynamic 
pressures  due  to  twin  jet  resonance  diminish  with  wind 
tunnel  Mach  number,  while  those  due  to  separated  flow 
increase.  The  two  mechanisms  have  equal  dynamic 
pressures  at  M,  =  0.5.  The  wind  tunnel  data  suggest  that 
the  spectral  peak  amplitude  near  30  Hz.  in  the  11- IB  flight 
spectrum  at  M,  =  0.85  is  most  likely  produced  by  the 
separated  flow  phenomenon.  This  phenomenon  isillustrated 
by  the  dye  streaks  of  the  flow  visualization  study  shown  in 
Figure  7.  A  similar  flow  visualization  study  by  l.orinez. 

(Ref  17).  using  a  full  span  model  F-15,  revealed  that 
separated  flow  from  Ihe  aircrafi  forebody  was  not  convected 
into  the  engine  nacelle  afterbody  region.  It  is  important,  of 
course,  that  this  issue  be  resolved,  since  very  different 
methods  Would  be  rcs]uired  to  reduce  dynamic  loads  for  each 
mechanism. 
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Figure  20.  Dry  powered  nozzles  with  and  without  external 
flaps. 
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Figure  21.  Performance  penally  associated  with  removal  of 
outer  flaps  on  B-IB  (Ref  2). 
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One  final  point  needs  to  be  made  regarding  the  external 
engine  outer  divergent  flap.  This  is  Ihe  question  regarding 


A  study  was  conducted  using  a  7%  scale  nozzle  afterbody  of 
the  NA.SA  F-18  High  Alpha  Research  Vehicle  (HARV)  to 
assess  the  dynamic  pressure  loads  on  vectoring  vanes 
deployed  into  Ihe  nozzle  engine  exhaust  to  achieve  full 
vector  authority.  The  model,  with  vectoring  vanes,  is  shown 
in  Figure  22.  One  additional  major  concern  of  this  program 
was  related  to  excessive  noise  levels  recorded  in  Ihe  inter- 
nozzle  legion  of  the  HARV  aircraft  after  removal  of  Ihe 
divergent  nozzle  section  from  each  nozzle  of  the  twin  F-404 
engines.  Dynamic  pressure  levels  increased  by  a  factor  of  3, 
which  could  entirely  be  attributed  to  shock  noise,  for  Ihe  test 
were  conducted  statically.  Figure  23  shows  a  comparison  of 
the  measured  inter-nozzle  sound  pressure  levels  between  the 
baseline  convergent-divergent  nozzles  and  the  resulting 
convergent  nozzles  at  Ihe  military  power  selling. 
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These  measured  inler-nozzle  dynamic  pressures  fall  below 
the  reference  criteria  of  Ref.  16  (i.e.  0.16  psi-rms  =  155  dB 
SPL),  bul  were  sufficient  to  cause  fatigue  of  engine  nozzle 
attachment  components.  The  component  failures  occurred 
within  one  hour  of  test  time.  The  model  scale  vane  loads 
were  found  to  be  substantially  higher,  as  expected,  than 
those  in  the  inter-nozzle  region.  This  is  shown  in  Figure  24. 
for  an  aircraft  vector  angle  of  -206. 


7%  scale  model  hot  jet  nozzles 


Figure  22.  HARV  791  scale  model  nozzle  afterbody. 


duration  of  the  test  flight  program. 


Nozzle  pressure  ratio 


Figure  24.  Dynamic  pressure  loads  on  thrust  vectoring 
vanes  of  HARV  1%  model. 
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Figure  23.  F-18  HARV  aircraft  inter-nozzlc  spectra. 

Over  a  very  wide  range  of  nozzle  pressure  ratios,  the 
measured  pressure  amplitude  exceeds  1  psi-rms  for  those 
vanes  deployed  into  the  exhaust  plume.  The  retracted  vanes, 
a!  -KT,  experienced  pressure  amplitudes  approaching  0.5  psi- 
rms.  This  amplitude  is  substantially  higher  than  those 
recorded  for  the  B-IB  and  F-15  aircraft,  as  indicated  on 
Figure  25,  and  certainly  higher  than  could  be  expected  from 
either  slmck  noise  or  eddy  Mach  wave  .sources.  Hvidcntly, 
ihe  flow  impingement  noise  associated  with  the  vectoring 
vanes  suhstantially  increases  the  dynamic  pressure  amplitudes 
on  non-vectoring  vanes. 

Ihe  NASA  1-lK  HARV  pn'gr.im  proved  successful  from  the 
perspective  that  the  aircraft  met  all  aerodynamic  perfomiance 
goals  and  experienced  no  component  failures.  The  vectoring 
vanes,  which  wctc  designed  to  handle  the  dynamic  loads 
from  the  model  scale  tests,  experienced  no  fatigue  over  the 


5.  SUPER-SONIC  A.STOVL 

The  joint  US/UK  supersonic  ASTOVL  program  produced 
aircraft  designs  that  were  most  challenging  from  a  structural 
design  viewpoint.  Its  predecessor,  the  subsonic  MCAIR  AV- 
8B.  had  always  recorded  high  amplitude  dynamic  loads  in 
both  the  take-off,  hover,  and  cruise  modes  of  its  mission. 
Figures  25  and  26,  from  Ref.  18.  respectively  provide  an 
example  of  typical  measured  surface  dynamic  pressures 
levels  in  SPL  for  both  take-off  and  cruise  modes.  Levels  as 
high  as  153  dB  were  recorded  for  take-off  and  as  high  as 
167  dB  for  cruise.  Component  failures  were  reported  in  the 
vicinity  of  the  167  dB  SPL. 

The  potential  upgrade  of  the  AV-8B,  to  include  supersonic 
da.sh  capabilities  in  its  mis.sion  profile,  raised  concerns  that 
the  potentially  higher  levels  expected  from  both  Mach  wave 
radiation  and  shock  noise  sources  would  severely 
compromise  the  durability  and  reliability  of  numerous 
aircraft  structural  components.  We  shall  briefly  consider, 
from  model  .scale  studies  with  supercritical  nozzle  pressure 
ratios,  the  noise  environment  a.ssociated  with  both  the  take¬ 
off  and  cruise  modes. 


Figure  25.  AV-8B  take-off  dynamic  pressure  load  levels. 


I 
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To  achieve  stability,  the  supersonic  ASTOVt.  configurations 
generally  involve  a  cluster  of  four  engine  exhausts  in  the 
take-off  mode.  Two  main  twin  engine  exhausts  ate 
deflected  to  the  ground  plane  near  the  aircraft  C,.  Two 
other  twin  exhausts,  driven  off  of  fan  by-pass  air,  are 
directed  to  the  ground  from  the  vicinity  of  the  swept  wing 
leading  edge.  Early  studies  at  NASA  (Refs.  19  and  20)  and 
McDonnell  Douglas  (Refs.  21  and  22)  concentrated  on  the 
physical  mechanics  associated  with  the  ground  impingement 
of  the  twin  nain  engine  exhausts.  Two  concerns  existed 
with  regarding  dynamic  loads.  The  first  was  the  unknown 
aerothemtal  dynamic  loads  on  the  fuselage  in  the  vicinity  of 
the  twin  jet  fountain  upwash  described  in  Ref  21.  The 
second  concern  was  excessive  loads  on  aerodynamic  control 
surfaces,  such  as  the  wings  and  canards. 

Norum's  experiments  (Ref.  19)  show  that  the  impingement 
loads  from  the  ground  impingement  of  a  single  rectangular 
nozzle  consists  of  tones  and  broadband  noise  components 
associated  with  jet  plume  interaction  on  the  ground  plane 
and  jet  shock  noise  processes.  The  impingement  tone 
frequencies,  f„.  were  found  to  satisfy  the  loop  equation  for 
feedback  developed  by  Neuwerth  (Ref.  23),  which  is. 

f.  =  n/tL»(C|  -f  c.)  /  c’c.J  n=  1,2,3...  (12) 

where  L  is  the  distance  of  the  nozz.le  exit  to  the  ground 
plane,  c,  is  the  phase  velocity  of  convecting  large  scale  flow 
instabilities,  and  c,  is  the  ambient  sound  speed.  The 
impingement  noise  in  Norum's  experiment  was  found  to 
achieve  maximum  amplitude  in  the  range  of  3  S  L/D  5  10. 
Beyond  L/D  =  10,  jet  screech  and  broadband  shock  noise 
prxKcsscs  dominated  the  loads  spectrum. 

A  comprehensive  study  was  conducted  in  the  NA.SA  Lewis 
9  X  1.6  I't.  low  speed  wind  tunnel  using  a  9.2%  powered 
full  span  advanced  STOVL  mixlel  (Ref,  24).  Figure  27 
shows  the  model  mounted  in  the  wind  tunnel.  The 
objectives  of  this  study  were  to  assess  hot  gas  inge.stion  into 
the  inlet  and  dynamic  pressure  loads  on  aerodynamic  control 
surfaces  and  the  fuselage.  The  model  utilized  twin  splayed 
rectangular  convergent  nozzles  for  Uic  main  engine  cxhau.st, 
as  shown  in  Figure  27.  Representative  results  fmm  this 
study  are  shown  in  Figures  28  and  29. 

Figure  28  shows  measured  dynamic  loads  spectra  associated 
with  a  sensor  located  at  a  mid-canard  on  the  lower  surface. 


Figure  27.  ASTOVL  9.2%  model  in  NASA  Lewis  9X1.S 
Wind  Tunnel,  (from  Ref.  24) 


The  simulation  was  conducted  with  a  forward  wind  speed  of 
11.3  m/sec.  and  at  nozzle  pressure  ratios  of  1.7  and  3.1. 

The  dynamic  load  level,  in  OASPL  dB,  for  the  three  jet 
total  temperatures  of  260,  400,  and  SSST  is  shown  in  the 
Figure  for  a  range  of  model  aircraft  heights  from  0  to  30.48 
cm.  The  model  aircraft  height  is  the  distance  of  the  landing 
gear  from  the  ground  plane.  The  model  height  is  adjusted 
from  0  to  24  equivalent  nozzle  diameters.  At  the  lower 
altitudes,  the  jet  impingement  noise,  which  consists  mainly 
of  tones,  dominates  the  overall  dynamic  loads  amplitude. 

This  peak  amplitude  occurs  near  2  equivalent  nozzle  exit 
heights,  is  invariant  to  jet  total  temperature  but  substantially 
higher  in  the  supersonic  mode  (i.e.  NPR  =  3.1).  At  higher 
altitudes,  the  dynamic  loads  are  dominated  by  jet  shock 
noise,  which  is  dependent  on  jet  total  lcm[>cralure.  For 
subsonic  operation,  like  that  of  the  AV.8D,  the  maximum 
dynamic  load  levels  are  controlled  by  the  jet  impingement 
process  at  low  aircraft  altitudes  and  both  mechanisms  at 
higher  altitudes  for  more  typical  engine  exhaust  temperatures. 
At  supercritical  pressure  ratios,  the  maximum  dynamic  load 
levels  are  controlled  by  the  shock  noise  process,  particularly 
at  high  jet  total  temperatures.  The  peak  dynamic  load  level 
of  155  dB  in  hover  with  supercritical  nozzle  pressure  ratio 
represents  a  particularly  difficult  challenge  because  it 
involves  a  control  surface. 

Similar  results,  for  the  sensor  located  on  the  mid-wing  lower 
surface,  arc  shown  in  Figure  29.  Here,  dynamic  load  levels 
arc  higher  for  both  nozzle  subcrilical  and  sui'crcrilical 
operation.  The  wing  sensor  is  located  closer  to  the  nozzle 
exit  plane  than  the  canard  sensor.  For  both  nozzle  modes  of 
operation  and  all  jet  temperatures,  the  peak  dynamic  load 
level  is  dominated  by  the  jet  impingement  process,  which 
occurs  at  the  same  altitude  of  2  equivalent  nozzle  diameters. 
The  peak  dynamic  load  level  is  near  160  dB  SPL.  Ref.  24 
reports  that  levels  on  components  impacted  by  the  jet 
fountain  upwash  were  near  175  dB  in  the  worst  ca-sc. 

The  data  reported  in  Ref.  24  is  of  real  concern  because  the 
dynamic  load  levels  are  significantly  higher  than  those 
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ire  28,  Dynamic  pres.iurc  loads  on  Canard. 


discussed  for  the  F-15  and  11- IB  aircraft.  Further  methods 
can  be  applied  to  reduce  these  loads  other  than  the  use  of 
rectangular  nozzles,  like  tho.se  used  in  the  studies  of  Kefs. 
19.  20.  and  24.  The  use  of  a  low  speed  co-flowing 
airstrcam  would  help  considerably  to  interrupt  the  feedback 
path  and  reduce  both  the  jet  impingement  and  shock  noise 
process.  ' 

Numerical  simulations  of  the  jet  impingement  problem  have 
been  undertaken  in  Refs.  24  and  25.  The  study  in  Ref.  25 
has  the  long  term  goal  of  eventually  simulating  methods 
associated  with  the  reduction  of  the  dynamic  loads. 

5b  A.STOV1.  CRUl.SE  LOAD.S 


In  addition  to  high  dynamic  load  levels  in  the  take-off  and 
hover  modes,  the  cruise  mode  also  represents  a  very  serious 
aerotliermal  load  problem.  In  this  mode,  the  supersonic  hot 
jet  exhaust  is  positioned  very  near  the  fuselage  at  the  wing 
trailing  edge.  Often  the  nozzle  exit  centerline  to  fuselage 
separation  is  within  one  nozzle  height  for  rectangular 
nozzles.  Figure  30  shows  a  schlieren  image  obtained  with 
.such  a  configuration.  Here,  the  rectangular  nozzle  was 
designed  with  a  2  to  1  throat  aspect  and  was  operated 
unheated  and  fully  pressure  balanced  at  M,  =  1.35.  From 
this  photographic  record  it  is  easy  to  observe  a  Coanda 
effect,  where  the  nozzle  plume  can  be  seen  being  sucked 


Figure  30.  Schlieren  image  of  supersonic  jet  plume 
scrubbing  in  ASTOVL  cruise  mode. 


toward  the  fuselage  side  of  the  plume.  This  causes 
premature  scrubbing  of  the  jet  plume  with  the  wall,  which 
leads  to  fuselage  surfaces  exposed  to  higher  aerotbermal 
loads.  A  corresponding  dynamic  loads  spectrum  for  the  flow 
conditions  of  the  Figure  30  schlieren  record  is  shown  in 
Figure  31.  The  wall  mounted  surface  sensor  is  located 
spanwise  from  the  jet  centerline  at  X/H  =  0.873,  where  H  is 
the  nozzle  height  and  downstream  a  distance  Z/H  =  5.183, 
This  location  places  the  wall  sensor  just  upstream  of  the 
region  where  the  flow  impacts  the  wall,  A  screech 
frequency  of  5370  Hz.  was  calculated  using  equation  5  and 
appears  to  agree  well  with  the  measured  results.  The 
amplitude  of  the  screech  component  is  very  near  174  dB 
.SPI,.  Based  on  the  results  presented  in  Figure  1,  had  this 
jet  been  heated  to  representative  engine  cycle  conditions,  the 
dynamic  levels  would  be  much  higher  across  the  spectrum, 
particularly  at  locations  downstream  of  where  the  jet  plume 
scrubs  the  wall.  The  levels  in  Figure  31  for  the  unhealed 


Figure  29  Dynamic  loads  on  wing  surface. 
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jel,  by  Ihemsolves,  raise  serious  concerns  regarding  reliability 
and  durability  of  many  large  fuselage  components  that  would 
be  impacted  by  the  plume. 
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possible  with  the  complex  aircraft  configurations  examined  in 
this  paper.  It  is  clear,  however,  that  sonic  fatigue  of  aircraft 
components  occurs  quite  frequently,  and  with  levels  much 
lower  than  the  0,16  psi-rms  reference  level  suggested  in  Ref. 
16.  This  is  due  partly  to  the  nature  of  the  source 
mechanism.  Jet  screech  produces  frequencies  in  full  scale 
aircraft,  that  in  many  cases,  lie  near  a  structural  component’s 
resonant  frequency.  This  occurs  frequently,  because  during 
an  a'ucrafl's  full  mission  profile  the  screech  frequency  can 
shift  over  one  decade  and  become  a  concern  at  a  point  in 
the  mission  profile.  Often  this  has  been  found  to  occur  in 
cruise,  where  an  aircraft  spends  most  of  its  time.  Jet 
screech  also  produces  an  acoustic  wave  that  has  a  spatial 
coherence  at  least  as  large  as  the  size  of  many  aircraft 
components.  Thus  the  excitation  of  the  structure  is 
maximized. 


Figure  31.  Dynamic  loads  in  cruise  mode  from  model  scale 
ASTOVL  studies. 

6.  DISCUSSION  AND  CONCLUSIONS 

In  this  paper  the  sonic  fatigue  environment  has  been 
examined  for  structural  fatigue  concerns  associated  with  the 
engine  nozzle  outer  divergent  flaps  of  the  F-15,  F-15  S/MTD 
and  B-IB  aircraft,  thrust  vectoring  vane  loads  on  the  F-18 
HARV  aircraft,  and  take-off  and  cruise  dynamic  loads  for 
ASTOVL  aircraft,  A  brief  review  of  principle  supersonic  jel 
noise  sources  was  conducted  to  introduce  these  mechanisms 
as  additional  contributon  to  structural  component  failure. 

The  principle  sources  were  eddy  Mach  wave  radiation  and 
shock  noise,  both  broadband  and  screech.  In  almost  all 
cases  examined,  the  shock  noise  source  played  a  prominent 
role  in  defining  the  dynamic  loads  spectrum.  But  often 
competing  mechanisms  were  found  to  dominate  in  different 
regions  of  the  aircraft  mission  profile. 

For  the  engine  nozzle  outer  divergent  flaps,  twin  jet  plume 
resonance  (i.e.  jet  screech)  dominated  the  loads  spectrum  at 
low  flight  Mach  numbers  for  the  B-IB,  but  the  convection 
of  forebody  separated  flow  into  the  twin  engine  nacelle 
afterbody  dominated  the  loads  spectrum  at  higher  flight 
Mach  numbers.  The  problem  was  found  configuration 
dependent,  in  that  the  swept  forebody  vortex  never  entered 
the  nacelle  afterbody  of  the  F-15  aircraft  based  on  flow 
visualization  experiments  at  model  scale.  The  thrust 
vectoring  vanes  of  the  F-18  HARV  experienced  the  highest 
dynamic  load  levels  of  all  configurations  examined, 
amplitudes  were  found  to  exceed  1.5  psi-rms  with  a  20" 
thrust  vector.  The  non-vectoring  vanes  were  found  to  be 
exposed  to  levels  in  excess  of  either  shock  or  eddy  Mach 
wave  sources.  The  most  probable  cause  for  this  was 
attributed  to  impingement  noise  from  the  thrust  vectoring 
vanes.  The  supersonic  STOVL  configuration  was  found  to 
be  dominated  by  noise  associated  with  jet  impingement, 
dynamic  load  levels  reached  160  dB  SPL  on  aerodynamic 
control  surfaces.  The  cruise  mode  for  supersonic  STOVL 
was  found  to  be  of  severe  concern,  since  practical 
configurations  with  small  nozzle  to  fuselage  separation  would 
suffer  severe  scrubbing  by  the  jet  plume.  Levels  as  high  as 
174  dB  SPL  were  observed. 

In  general,  the  aeroacoustic  scieiitific  community  has  not  yet 
reached  a  stage  where  prediction  of  the  dynamic  load  levels 
and  particularly  the  loads  spectrum  with  .source  coherence  is 


Methods  for  reducing  dynamic  loads  associated  with 
supersonic  jet  plume  sources  are  numerous,  though  often  not ' 
practical.  It  would  appear,  however,  that  investigations 
should  be  conducted  involving  the  use  of  fan  by-pass  air. 
where  possible,  to  diminish  the  amplitude  of  jet  screech  and 
impingement  loads.  Porous  surfaces  arc  known  to  work  well 
at  reducing  the  strength  of  plume  shocks,  which  would 
substantially  reduce  both  sock  noise  sources.  Mach  v/avc 
emission  can  also  be  substantially  reduced  through  the  use  of 
propulsion  efficient  mixers.  The  requirement  here  is  to 
reduce  the  axial  extent  of  jet  plume  where  turbulent 
structui'es  convect  supersonically  relative  to  tlic  ambient 
aound  speed.  Some  m.easure  of  noise  reduction  is  required 
for  the  current  applications  investigated  in  this  paper.  When 
one  considers  the  advantages  of  using  advanced  composite 
material  on  aircraft  components  to  reduce  aircraft  weight,  the 
need  for  jet  source  noise  reduction  is  more  paramount,  since 
tittle  is  known  of  the  fatigue  properties  of  these  materials  at 
high  levels  of  dynamic  load. 
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SUMMARY 

The  Wright  Laboratory  is  the  Air 
Force  center  for  air  vehicles, 
responsible  for  developing  advanced 
technology  and  incorporating  it  into 
new  flight  vehicles  and  for 
continuous  technological  improvement 
of  operational  air  vehicles.  Part 
of  that  responsibility  is  the 
problem  of  acoustic  fatigue.  With 
the  advent  of  jet  aircraft  in  the 
19503,  acoustic  fatigue  of  aircraft 
structures  became  a  significant 
problem.  In  the  19603  the  Wright 
Laboratory  constructed  the  first 
large  acoustic  fatigue  test 
facilities  in  the  United  States,  and 
the  laboratory  has  been  a  dominant 
factor  in  high-intensity  acoustic 
testing  since  that  time.  This  paper 
discusses  some  of  the  intense 
environments  encountered  by  new  and 
planned  Air  Force  flight  vehicles, 
and  describes  three  new  acoustic 
test  facilities  of  the  Wright 
Laboratory  designed  for  testing 
structures  to  these  dynamic 
environments.  These  new  test 
facilities  represent  the  state  of 
the  art  in  high-temperature,  high- 
intensity  acoustic  testing  and 
random  fatigue  testing.  They  will 
allow  the  laboratory  scientists  and 
engineers  to  test  the  new  structurs-s 
and  materials  required  to  withstand 
the  severe  environments  of  captive- 
carry  missiles,  augmented  lift  wings 
and  flaps,  exhaust  structures  of 
stealthy  aircraft,  and  hypersonic 
vehicle  structures  well  into  the 
twenty-first  century. 

1 .  Introduction 

The  U.S.  Air  Force  recently 
reorganized  its  major  commands.  The 
Strategic  Air,  Tactical  Arr,  and 
Military  Airlift  '■oim,  ids  have  been 
replaced  by  the  Air  Combat  and  Air 
Mobility  Commands.  Similarly,  the 
Systems  and  Logistics  Commands  have 
been  merged  into  the  new  Materiel 
Command.  This  change  was  combined 


with  a  restructuring  of  the  Air 
Force  laboratories,  which  are  now 
under  the  new  Materiel  Command. 

There  are  four  major  development 
centers  under  the  command, 
responsible  for  space  and  missiles, 
electronics,  air  vehicles,  and  human 
systems.  Each  of  these  centers  has 
its  associated  laboratory — the 
Phillips  Laboratory  for  space  and 
missiles,  the  Rome  Laboratory  for 
electronics,  the  Wright  Laboratory 
for  air  vehicles,  and  the  Armstrong 
Laboratory  for  human  systems.  The 
Wright  Laboratory  is  responsible  for 
aeronautical  technology,  and  is  an 
amalgam  of  the  older  Air  Force 
laboratories  for  avionics, 
electronics,  flight  dynamics, 
materials,  and  propulsion.  The 
Wright  Laboratory  technologies  and 
programs  are  direct  descendents  of 
the  original  Aircraft  Laboratory  of 
the  1950s. 


2.  Acoustic  Fatigue  in  Aircraft 
Structures 

The  Wright  Laboratory  has  long  been 
a  leader  in  the  technologies 
required  for  aircraft  structures, 
and  one  of  these  driving  technology 
areas  is  that  of  the  dynamic 
environments  of  acoustics  and 
vibration.  Until  the  1950s,  the 
main  emphasis  in  structural  dynamics 
had  been  the  control  of  sinusoidal 
vibration  from  reciprocating  engines 
and  from  helicopter  rotors.  The 
electrodynamic  shakers,  vibration 
measurement  equipment,  and  dyjiamic 
esponse  analyses  of  those  da;'s  were 
designed  to  handle  combinations  of 
sinusoidal  forces  related  to  blade 
passage  frequencies  and  piston 
engine  rotation  frequencies. 

With  the  advent  of  long-range  jet 
aircraft  flying  at  nearly  the  speed 
of  sound,  random  vibration  anc 
acoustic  inputs  became  much  mere 
important.  The  first  indications  of 
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the  severe  acoustic  environments 
experienced  by  jet  aircraft  were  the 
problems  of  the  KC-135  fuselage 
fatigue  and  the  B-52  wing  structure, 
which  showed  cracking  failures  much 
sooner  than  expected.  After 
extensive  study  and  flight 
measurements,  the  acoustic 
environments  were  shown  to  be  a 
severe  combination  of  inputs  from 
several  sources,  including  jet 
noise,  boundary  layer  noise,  and 
disturbed  air  flow  around  control 
surfaces  and  other  protuberances. 

The  general  features  of  jet  aircraft 
combined  environments  are  shown  in 
Figure  1.  These  acoustic  inputs 
typically  reach  levels  of  150-155 
dB,  which  are  much  higher  than 
previous  aircraft  environments. 

These  are  very  severe  acoustic 
levels,  because  even  140  dB  sound 
pressure  levels  can  cause  acoustic 
fatigue  and  cracking  of  aircraft 
secondary  oiructures. 

To  deai  with  these  acoustic 
environments,  Wright  Laboratory 
researchers  Bianchi  et  al.  (1962) 
reviewed  the  state  of  the  art  in 
acoustic  testing,  and  the  laboratory 
constructed  its  Sonic  Fatigue 
Facility  in  the  1960s.  Kolb  and 
Rogers  (1962)  developed  plans  for 
the  facility,  and  the  final  form  i 
described  in  Kolb  and  Magrath 
(1968).  This  facility  is  now 
operated  by  the  Structural  Dynamics 
Branch.  A  schematic  of  the  branch 
facilities  is  shown  in  Figure  2. 

Ttie  centerpiece  of  the  test  facility 
was  the  large  scale  teat  chamber,  a 
reverberant  chamber  with  a  volume  of 
155,000  cubic  feet,  cr  4390  cubic 
meters.  The  acoustic  input  was 
originally  provided  by  36  air 
sirens,  each  producing  sound  from 
air  flowing  through  slots  opened  and 
closed  by  rotating  and  static  disks. 
Each  siren  covered  a  narrow 
frequency  band,  and  the  combination 
provided  the  broadband  acoustic 
output.  The  sirens  have  been 
replaced  by  electro-pneumatic 
modi  .itors  with  broadband  random 
acoustic  outputs. 

The  original  sonic  fatigue  facility 
included  a  quarter-scale  reverberant 
chamber  whose  dimensions  are  one- 
fourth  of  the  large  chamber,  and  a 
small  chamber  for  testing  much 
smaller  specimens.  The  quarter- 
scale  and  small  chambers  are 


configured  as  progressive  wave 
tubes,  in  which  the  air  flow  from  a 
compressor  has  acoustic  energy  added 
to  it  by  the  air  modulator,  is 
expanded  through  an  exponential 
horn,  propagates  through  a  tube  of 
rectangular  cross-section,  and 
impinges  on  the  test  structure, 
which  comprises  one  wall  of  the 
tube.  The  acoustic  energy  is 
absorbed  in  a  termination  section 
composed  of  acoustic  absorption 
wedges,  and  the  air  is  exhausted  to 
the  atmosphere.  Progressive  wave 
tubes  are  able  to  generate  more 
accurate  simulations  of  acoustic 
inputs  impinging  on  flight 
structures  than  reverberant 
chambers,  and  are  now  the  most 
common  type  of  high-intensity 
acoustic  test  chambers.  The 
combined  environment  test  chamber 
also  shown  in  Figure  2  is  a  new 
addition,  and  will  be  discussed 
late** . 

3.  Acoustic  Environments  of 
Missiles  in  Captive  Carry 

In  recent  years.  Air  Force  front¬ 
line  fighter  aircraft  such  as  the 
F-15  have  been  called  upon  to  carry 
newer,  more  capable  missiles  like 
the  Advanced  Medium-Range  Air-to-Air 
Missile,  or  AMRAAM.  Because  of  the 
speed  and  maneuverability  of  the 
F-15,  the  missiles  are  subjected  to 
very  severe  acoustic  environments 
even  before  they  are  launched,  when 
they  are  in  captive  carry  under  the 
F-15  wings.  Wright  Laboratory 
engineers  measured  the  captive-carry 
AMRAAM  environment  on  F-15s  and 
found  it  to  reach  overall  sound- 
pressure  levels  of  175  dB  over 
frequencies  of  30  to  2000  Hz. 

To  test  the  missile  to  realistic 
levels  in  existing  facilities  was 
very  difficult.  The  simplest 
solution  was  to  remove  the  fins  and 
insert  the  missile  into  a  12-inch- 
diameter  progressive  wave  tube 
driven  by  3  Wyl?  WAS-3000  air 
modulators.  The  missile  was  mounted 
on  its  LAU-106  launcher  for  a 
realistic  mounting  condition. 

Figure  3  shows  the  schematic  of  the 
missile  in  the  tube,  and  also  shows 
the  required  test  spectrum  as  a 
solid  line  and  the  achieved  third- 
octave  sound  pressure  levels  with 
x's. 


This  test  represented  the  highest 
broadband  acoustic  levels  ever 
achieved  for  a  missile.  As  a  result 
of  lab  testing  by  the  Wright 
Laboratory  and  government  and 
contractor  flight  testing  of  AMRAAM 
structures,  the  missile  was 
successfully  modified  by  the 
contractor  and  qualified  for  flight 
under  the  entire  flight  envelope  of 
the  F-15.  The  AMRAAM  will  also  be 
the  main  armament  of  the  new  Air 
Force  advanced  tactical  fighter,  the 
F--22 . 

4 .  Bigh-Temperatura  Acoustic 
Environaants  from  STOL  and  Stoalth 

To  achieve  short  takeoff  distances 
and  rapid  climb  rates,  new  aircraft 
have  been  designed  with  larger  flaps 
for  additional  lift.  The  lift  from 
the  aircraft  wing  and  flap  is 
limited  by  the  velocity  and  volume 
of  air  flowing  beneath  the  surface, 
and  this  lift  can  be  augmented  by 
flowing  additional  air  from  the 
engine  across  the  lifting  surface. 
This  was  first  applied  in  the  yc-14 
and  the  YC-IS  short-takeoff  and 
landing  (STOL)  aircraft  prototypes 
in  the  early  19708,  and  is  now  being 
used  in  the  Air  Force  C-17 
airlifter. 

However,  augmenting  the  lift  by 
using  engine  exhaust  gas  subjects 
the  wing  and  flap  structure  to 
intense  noise  and  temperature 
inputs.  An  example  from  the  yc-14 
is  shown  in  Figure  4.  In  addition 
to  raising  the  acoustic  input  from 
the  typical  level  of  155  dG  to  about 
165  dB,  the  augmented  lift  subjects 
the  Btructuies  to  temperatures  of 
500-700  F.  Many  structures  can 
withstand  high  dyna.nic  forces  at 
normal  temperatures,  but  lose  their 
strength  rapidly  at  higher 
temperatures.  New,  high-temperature 
structures  must  be  designed  and 
tested  to  this  combination 
environment,  or  the  fatigue  lives  of 
these  high-lift  devices  will  be 
limited,  increasing  the  maintenance 
costs  of  the  aircraft. 

To  achieve  stealthier  aircraft, 
modern  designs  such  as  the  F-117 
fighter  and  the  B-2  bomber  use  a 
variety  of  techniques  to  reduce 
their  radar  and  infrared  signatures. 
To  reduce  the  emission  of  infrared 
energy  from  the  heat  of  the  engine 


exhaust  toward  the  ground,  these 
aircraft  are  designed  with  multiple 
engine  nozzles  that  exhaust  over  the 
top  of  the  aft  structure  so  that  the 
exhaust  gases  are  cooled  before  they 
become  visible  from  beneath  the 
aircraft . 

The  result  of  this  is  that  the 
aircraft  aft  structures  are 
subjected  to  high-temperature 
acoustic  environments  much  like  the 
blown  flaps  of  STOL  aircraft. 
Stealthy  aircraft,  like  STOL 
aircraft,  need  materials  and 
structures,  that  can  maintain  their 
strength  and  fatigue  resistance  at 
higher  temperatures.  This 
translates  into  requirements  for 
flight  testing  of  the  actual 
environments  and  for  developing 
laboratory  test  facilities  for 
high- temperature  fatigue  testing. 

5.  Thermo-Acoustic  Environments  of 
Hypersonic  Vehicle  Structures 

Hypersonic  vehicles  will  operate  at 
much  higher  dynamic  pressures  than 
conventional  vehicles,  leading  to 
severe  acoustic  environments 
associated  with  both  turbulent 
boundary  layer  and  high  thrust 
engines.  Intense  thermal  fluxes 
will  be  present  over  large  areas  of 
the  airframe,  increasing  the 
potential  for  acoustic  fatigue 
damage.  Local  flow  separation  and 
shock  impingement  will  aggravate 
both  the  acoustic  and  the  thermal 
environments . 

''he  initial  predictions  of  the 
thermo-acoustic  environments  and 
heating  levels,  or  Q,  for  typical 
hypersonic  vehicles  range  from  a  Q 
of  20  Btu  per  square  foot  per  second 
on  the  upper  body  to  a  Q  of  more 
than  500  on  the  airframe  nozzle. 

The  corresponding  acoustic  levels 
range  from  150  dB  up  to  an 
unprecedented  190  dB  for  the  nozzle. 
There  are  no  existing  facilities 
that  can  duplicate  these  dynamic 
environments,  and  these  acoustic 
test  requirements  are  the  most 
challenging  yet  encountered  by  the 
Wright  Laboratory. 


6.  The  Wright  Laboratory  Acoustic 
Test  Faci.\ities 

The  Structural  Dynamics  Branch  of 


thp  ririqht  Laboratory  is  responsible 
-or  acoustics  and  vibration  of 
aircraft.  To  meet  the  teat 
requirements  of  these  new  classes  of 
vehicles — STOL,  stealth,  and 
hypersonic — the  branch  is  greatly 
increasing  its  capability  for  high- 
intensity  acoustic  testing  of  flight 
structures  by  building  three  new 
test  chambers.  Two  of  the  new 
chambers  incorporate  high-flux 
heating  and  multiple  acoustic 
drivers  into  new  progressive  wave 
tubes;  the  third  combines  shaker 
fatigue  testing  with  a  temporature- 
and  pressure-controlled 
environmental  chamber. 

The  Random  Fatigue  Chamber  provides 
the  capability  to  determine  the 
random  fatigue  characteristics  and 
damage  mechanisms  of  advanced 
material  coupons  and  structural  sub- 
elements.  A  schematic  of  the 
chamber  is  shown  in  Figure  5.  The 
facility  consists  of  an 
electrodynamic  shaker  that  can 
produce  a  random  force  output  of 
20,000  pounds  RMS,  coupled  with  an 
environmental  chamber  capablo  of 
operating  from  -250  F  to  2600  F  with 
variable  atmospheric  pressure  and 
partial  pressure  gas  environments. 
This  chamber  is  now  on-line  and  is 
being  used  to  generate  stress  vs, 
cycles  to  failure  data  and  determine 
the  influence  of  temperature, 
pressure  and  gases  on  materials  and 
coating  systems  for  hypersonic 
structures . 

The  Sub-Element  Acoustic  Chamber 
provides  a  progressive  wave  tube  for 
response  and  fatigue  testing  of 
structures  up  to  12"  by  18"  at 
temperatures  up  to  2500  F  and  sound 
pressure  levels  up  to  180  dB 
overall.  A  schematic  of  the  chamber 
is  shown  in  Figure  6. 

The  high-intensity  acoustic 
environment  is  generated  by  four 
Wyle  WAS-3000  air  modulators 
connected  by  exponential  horns  to  a 
one-foot-square  progreosive  wave 
tube.  The  low-flux  thermal 
environment  is  provided  by  banks  of 
quartz  lamps  incorporated  inside  the 
acoustic  chamber.  New  mounting 
systems  have  been  designed  to  allow 
modified  lamps  to  survive  the 
acoustic  environment  in  order  to  be 
as  close  to  the  test  specimens  as 
possible.  This  technique  eliminates 


the  large,  expensive  quartz  window 
used  in  previous  high-temperature 
acoustic  test  facilities.  The 
quartz  lamps  can  provide  input 
fluxes  of  up  to  a  Q  of  about  100  Btu 
per  square  foot  per  second. 

Higher  heat  fluxes  can  be  achieved 
by  using  graphite  heaters  or  plasma 
arc  lamps,  both  of  which  have  been 
investigated.  In  addition,  propane 
burners  were  also  investigated,  but 
were  abandoned.  Graphite  heaters 
have  the  potential  for  reaching  a  Q 
of  200,  and  the  plasma  arc  shows 
promise  of  reaching  up  to  a  Q  of 
1000. 

The  Combined  Environment  Acoustic 
Chamber  is  the  third  new  capability 
being  developed.  The  chamber,  shown 
in  Figure  1 ,  was  first  operated  in 
July,  1993.  It  provides  a  high- 
temperature  acoustic  progressive 
wave  tube  for  response  and  fatigue 
testing  of  larger  structural 
components.  The  chamber  is  driven 
by  twelve  WAS-3000  air  modulators 
supplied  by  two  air  compresaors. 

The  chamber  is  designed  to 
accommodate  two  test  sections.  The 
four-foot  section  is  designed  for 
testing  actively  cooled  structures 
at  temperatures  up  to  3000  F  and 
sound  pressure  levels  up  to  180  dB. 
The  six-foot  test  section  will  be 
added  later,  and  is  designed  to 
provide  the  capability  for  elevated 
temperature  testing  of  larger 
structures  at  acoustic  levels  up  to 
175  dB.  Low  heat  fluxes  will  be 
achieved  using  quartz  lamps,  and 
higher  fluxes  will  be  achieved  with 
plasma  arc  heaters. 


The  development  of  these  new  high- 
temperature  acoustic  and  vibration 
test  chambers  will  maintain  the 
Wright  Laboratory  at  the  forefront 
of  structural  dynamics  testing  of 
aircraft  structures,  making  the 
laboratory  capable  of  testing 
structures  for  all  the  critical 
flight  vehicle  applications  now 
envisioned.  This  continues  a  long 
history  of  leadership  for  the  Wright 
Laboratory  in  acoustic  testing. 

This  leadership  is  illustrated  in 
Figure  8,  which  shows  a  summary  of 
the  historical  trends  in  high- 
intensity  acoustic  testing. 


The  sound-pressure-level 
capabilities  of  various  test 
organizations  is  shown  over  forty 
years,  in  psi  on  the  left  scale  and 
in  dB  on  the  right  scale.  In  this 
figure,  WL  indicates  the  Wright 
Laboratory,  MDAC  is  McDonnell 
Aircraft  Company,  and  lABG  is  the 
German  facility  near  Munich. 

The  psi  scale  shows  how  intense  the 
noise  levels  are  in  the  new  Wright 
Laboratory  test  facilities.  The 
Combined  Environment  Acoustic 
Chamber  if  designed  to  achieve  a 
noise  level  of  180  dB,  or  nearly  J 
psi,  on  the  test  specimen.  If  this 
energy  were  concentrated  into  one 
frequency  of,  say,  100  Hz,  it  would 
correspond  to  a  fluctuating  load  of 
1700  pounds  of  force  over  a  two- 
foot-square  test  panel,  reversing 
from  +1700  lbs  to  -1700  lbs  one 
hundred  times  per  second.  Such 
levels  show  the  intense  acoustic 
environments  that  must  be  withstood 
by  modern  flight  structures. 
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l  igure  AMRAAS1  Acoustic  Test  Specinim  for  I-  15  Cupiivc  ('iirT>' 


RANDOM  FATIGUE  TEST  CHAMBER 

PURPOSE: 

Define  Basic  Fatigue  Properties  of  Advanced 
Materials  at  Severe  Environments 

CAPABILITIES: 

•  Temperature  Range  from  Cryogenic  (-250®F) 
to  High  Tamp.  (2600 °F) 

•  Variable  Pressure  from  Vacuum  (0.01  torr)  to 
Atmospheric  (1000  torr) 

•  Partial  Pressure  Gas  Environment;  O-.Nj.He 
and  3%H2 

•  Shaker -20000  lb,  Random,  240001b,  Sine 

•  Test  Specimen-  Up  to  S-xT 

I  igurr  ^  k4iuk>it)  1 4(tguc  ('h•uuhcr 


HIGH  TEMPERATURE  ACOUSTIC 
SUBELEMENT  TEST  CHAMBER 


ACOUSTIC 

TERMINATION 


ACOUSTIC 

SOURCE 


PURPOSE 

•  DESIGN  VERIFICATION  FOR 
COMBINED  ENVIRONMENT  TESTING 

•  COMBINED  ENVIRONMENT 
TESTING  OF  SMALL  STRUCTURES 

CAPABILITIES 

•  180  dB  SPL 

•  50  -  300  Blu/ft'sec 

•  12"x18"  P.ANEL.  MAX 


higurr  6  Sub  Itlcniem  Aaniiuc  Clianihcr 


COMBINED  ENVIRONMENT  ACOUSTIC  CHAMBER 


6-  TEST  SECTION 


MUFFLER 


ACOUSTIC  SOURCE 
12  AIR  MODULATORS 
50  •  1500  Hz 

360K  WATTS  ACOUSTIC  POWER 

HEATING  SQUBCES 

LOW  FLUX  •  QUART2  LAMPS 
HIGH  FLUX  •  GRAPHITE  STRIP 
HEATERS 


UNIQUE  CAPABILITY 

EXPLOITS  NEW  TECHNOLOGY 

ABILITY  TO  TEST  ACTIVELY  COOLED 
STRUCTURES 


I  mure  7  CtHiihincU  I  nviriMiniri'i  AmuMiv  Chaiiilicr 
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DESIGN  AND  OFERATION  OF  A  THERMOACOUSTIC  TEST  FACILITY 


G.  BayerdSrfei 
L.  Freyber9 

Induit ci*anl«9en*&etcitbS9>itllschaFt  m.b.H. 
EinatainatcaSa  20 
8SS21  Ottobrunn  /  GERMANY 


1.  SUHHARY 

Aacothaiaal  anvironaanta  aa  ancountacad 
durln9  tha  aiaaiona  of  rauaabla  apacaciafta. 
byparaonic  vahiclaa,  advancad  launchara  ate. 
ara  tha  najot  dati9n  drivat  for  an  advancad 
Thataal  Pcotaetton  Syataa  (TFS)  tachnolo9y. 

In  davalopln9  auch  aatarlala  and  attuctucaa 
9(ound  taatin9  undai  alsulatad  opacational 
conditiona  ia  of  aainant  iapoitanca. 

In  oidat  to  aaat  thaaa  caquicaaanta  lABG  haa 
daatqnad  a  tharaoacouatic  facility  which  waa 
tacantly  put  into  eparation.  Tha  facility  ia 
capabla  to  produca  auifaca  taapatatucaa  up  to 
UOO  °C  at  aound  praaaura  lavala  up  tc  ItO 
dl.  Tha  daalqn  approach  and  opacational  aa- 
pacta  froa  taat  voili  paiforaad  to  far  ara 
date  I ibad . 


}.  FACILITY  DBSIGM 

Aacotharaal  anvironaanta  ara  coapotad  of  vl- 
bcoacouatic  and  tharaal  loadin9a  of  varyin9 
aavacity.  In  daai9nin9  a  taat  facility  it  ia 
ataantlal  that  a  wida  can9t  of  load  coabina- 
tlona  bacoaaa  availabla.  Thit  can  baat  ba 
achlavad  if  tha  tharaal  and  acouttic  loada 
ara  ganaratad  indapandant  froa  aach  othar. 

Tha  ebjactlva  waa  to  usa  aaciatinq  acouatic 
facllitiaa  and  coablna  thaa  with  an  appro- 
pciata  haatlnq  ayataa.  High  fcaquancy  pcaaau- 
ra  fluctuationa  cautad  by  propultion  noita, 
boundary  layara  or  taparatad  flowt  can  ba  ca- 
pcoducad  to  a  cartain  aatand  by  acouatic  ax- 
cltation  auch  aa  in  ravaebarttion  chaabact  or 
in  pcograativa  wava  tubaa  IFHTI.  Thaaa  faci- 
litiat  noraally  opacata  at  rooa  taaparatura 
without  a  capability  for  alavatad  taapacatu- 
raa.  Mowavai,  taat  eonf igucatlont  can  ba  ra- 
aliiad  which  piovlda  vary  high  taapaiatuic 
in  tha  liaitad  aiaa  of  tha  taat  attiela. 


].  IHTROOUCTiOM 

Apart  froa  analytical  aathodt  auch  at  FEH- 
ctleulaiient  ground  taat  factlitlaa  ara  an 
indaapanaibla  tool  for  tha  davalopaant  of 
TFS-hacdwaca  (Raf  1,2).  Though  it  la  not 
poaaibla  to  ataulata  all  tha  diffarant  an* 
vironaanta  to  which  TFS-ayataaa  aay  ba  at- 
poaad  during  thair  opacational  lita  in  only 
ana  aingla  facility,  it  la  atilt  good  pcac- 
tlca  to  coablna  auch  loadlnga  which  davalep 
atcong  Intattct lona . 

intacaetton  aaiata  batwaan  tharaal  loading 
and  VI bi otcouat tc  ratponaa  in  ac  far  aa  tha 
atlffnaaa  and  fatigua  characlat t at  tea  of  TFf 
aalfiiala  changa  with  tncraaatng  taaparatu- 
caa.  tuch  affacta  ara  baat  invattigatad  by 
axpariaantal  aaana . 


Tha  aalaction  of  an  appropcltta  hatting  aya- 
taa  la  a  cruclai  point  baeauaa  of  tha  ra* 
qulrad  coapatlblllty  with  tha  aeeuttie  an- 
vironaant.  A  coaparlton  batwaan  tha  oftan 
uaad  quarta  Itapt  and  a  rlasa  ayataa  it  givan 
batow 


CONTROL 

SURFACE  TENF. 
FATIGUE  LIFE 
OFERATION 


OUARTE  LANFS 
GOOD 

aaa.  StO  "c 
FOOR 

EXFENtIVE 


FLAME  SYSTEM 
MOOERATt 

>  1100  'c 

NO  FRORLERS 
CNEAF 


Mainly  baeauaa  of  tha  h.‘ghar  tut  fact  taapart- 
turaa  and  tha  alaplar  ovaratl  daaign  It  waa 
dacldad  to  go  for  tha  flaaa  ayataa. 


Oapaiidtng  on  tha  aittlon  of  tha  individual 
vahlcla  taiotharaal  anvironaanta  aay  ba  of 
diffarant  natura.  A  ganacal  turvay  la  aa 
f ol Iowa 


Fig.  1  ahowa  an  array  of  nina  burnara  which 
ara  aountad  on  ball  plvott  to  allow  individu¬ 
al  adjuttaant.  Tha  burnara  ara  drivan  with 
Nathan  ICN.)  and  Oaygan  lo.i  wharaby  aach 
burnar  hat  *tt  aaparata  rontrbl  valvat 


AEFTTNERNAL  CHALLENGES 

ASCENT  FROFULSION  SYSTEM 

Radiatad  Nolaa 
Radiatad  Matt 

AERODYNAMIC  EFFECTS 
Saparatad  Flowa 
Aarodynaalc  Naatlng 

CRUISE  AERODYNAMIC  EFFECTS 

Roundary  Layar  Nolaa 
Aarodynaalc  Moating 

REENTRY  AERODYNAMIC  EFFECTS 

Roundary  L. 'Saparatad  FI. 
Aarodynaalc  Naatlng 


Savara  **  canaiXtbla  *  aodarata 


t-iq.  1  Army  ot  Burners 
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Fig.  2  .  flame  aenaors  on  top  of  each  cow 
ontrol  "orcect  burnin9,  in  case  of  iccagula- 
ritiei  '  e  relevant  valves  will  shut  down  the 
9as  sup  y.  Spark  plugs  for  each  cow  allow 
ignitioi.  so  that  the  flame  unit  can  be  fully 
remote  controlled. 


'ig.  3  shows  the  cross  section  of  the  thermo 
I  oustlc  PUT.  By  Insertion  of  an  inner  tunnel 
made  of  stainless  steel  the  basic  structure 
is  protected  against  the  heat.  The  duct  which 
is  formed  by  these  two  elements  Is  subdivided 
into  various  channels.  An  air  distribution 
system  feeds  these  channels  with  predetermin¬ 
ed  massflows  to  provide  the  necessary  cooling. 
The  area  around  the  test  section  which  natur¬ 
ally  has  the  highest  temperatures  is  intensi¬ 
vely  cooled  by  the  highest  mass  flow  whereas 
the  rear  side  with  much  lower  temperatures 
obtains  only  reduced  cooling  air.  The  total 
cooling  air  is  delivered  by  the  same  compres¬ 
sor  which  also  feeds  the  noise  generators. 

"he  flame  heating  system  is  mounted  into  a 
w  ndow  of  the  PWT  so  that  the  flames  Impinge 
directly  on  the  test  article  which  is  just 
op,  5Site.  each  burner  can  be  adjusted  indi¬ 
vidually  so^that  the  total  test  section  of 
0,8  X  1,2  m**  is  uniformally  heated. 


This  flame  can  e  mounted  into  a  tevec- 

beratlon  chaabei  nr  InetaUed  into  •  pitti  the 
relevant  data  of  the  itaulting  facilities  ace 
as  (ollowat 


Btl«/TttT  SICt 
QASn  at  B.t. 
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19C  Ki-IQ  kill 
maa  .  1 00  V/j|e( 
maa .  I IQO  C 


r : 00* .Wave  t. 

O.t  ■  1.1 

••• .  uo  da 

so  ^  10  INI 

Ml .  100  M/|«C 
Ml.  1100 


OAlPt  Overall  found  Ptesaufe  level 
BT  Boom  Tempmiature 


No  modi f I  cat imas  were  nereataty  •^en  inot«il. 
ing  the  (lem#  erstte  into  the  levtcbeien^n 
rhambei.  Due  to  the  eatensivt  au  flow  from 
the  nolee  genesatora  the  tvmpeiatUk* 

Inaide  the  ( everbtrai Ion  chambe*  le  very  mo- 
derate.  At  the  (lame  unit  ii  pUc«d  the 
middle  of  the  chambtc  the  walla  are  ot  ef¬ 
fected  by  the  heat. 

The  progceseive  wave  tube,  however .  had  to  be 
•ubstant  I  al  ly  modified,  fuming  a  flame  sya- 
tem  with  a  heat  fUa  of  leo  ti/aer  int.de  a 
PVT  la  only  potsible  If  the  beeic  etru  luce 


1 1  '‘u  ■''UilCOuUt  Xk. 


The  Inetrumenlaiion  the  facility  conslata 
of 

felttenct  hicfOp'Sunes  (cold  cone* 

Probe  Nictophonte  (hot  tone) 

Theimocouplta 
Laser  Vtbrometer 
TV-Ctmeta 

Ti'.e  tvfecence  mirrophorsea  S'S  lo*ated  up- 
•"•am  of  th*  Ouinett  and  tontcol  th»  noiae 
ou  ,iut  o(  the  uentcaiofs.  The  pcobe  m»c»o 
phones  gan  be  uaed  tn  temperetuce  fields  up 
to  ''00  C,  they  allow  dkcsci  meauucements  of 
the  fluctuatlr-g  pressures  withi.n  the  hot 
tone.  Pot  tempmialures  beyond  **00  ®c  direct 
sensor  In-,'  of  the  dynamic  pressw.c:'  la  not 
possible.  In  such  esses  the  dsta  'com  the 
reference  microphones  hrve  to  be  scaled  down 
according  to  the  change  of  Sonsliy  i>etwoen 
cold  and  hot  lones. 

tompeimturo  measurements  ate  taken  vie 

l^etmocouples  which  are  directly  applied  to 
the  esposed  aurface  of  the  test  article.  This 
ms'hod  Is  coftsidertd  more  reliable  end  sc- 
cutmte  coasted  with  radiation  measuiementc 
because  the  letter  are  heavily  disturbed  by 
the  open  tlemem. 


I 


As  far  as  the  dynamic  response  of  the  test 
article  is  concerned  a  laser  vibrometer  can 
deliver  complete  mode  patterns  even  under  the 
extrem  conditions  of  flame  heating.  Direct 
strain  measurements,  however,  are  not  feasab- 
le  in  such  a  hostile  environment. 

For  the  purpose  of  overall  control  a  TV-cam- 
ara  is  employed  which  checks  not  only  the 
correct  flame  burning  but  also  provides  in¬ 
formation  about  possible  desintegratlon  of 
the  teat  article  during  the  test. 

Mounting  of  the  test  specimen  into  the  ther- 
moacoustie  PHT  needs  a  dedicated  design.  The 
specimen  shall  be  supported  as  for  its  in¬ 
tended  use  and  care  should  he  taken  to  allow 
for  thermal  expansion.  If  necessary  the 
mounting  frame  can  be  additionally  cooled 
with  water. 


4.  OriWiTIONAL  ASPKCT* 

In  order  to  illustrate  the  operation  of  the 
facilities  two  different  tests  which  have 
been  recently  performed  ate  described. 


ASIANC  S  Tank  Insulation 

The  European  launcher  ASIANC  S  presently  in 
the  final  development  stage  it  depicted  in 
Fig.  4.  The  tank  marked  with  an  arrow  con¬ 
tains  Helium  and  is  covered  with  flexible  in¬ 
sulation  material  to  protect  it  against  the 
heat  radiated  by  the  engine  of  the  cryogenic 
main  stage.  The  insulation  tt  equally  exposed 
to  the  high  noise  levels  at  lift-off  and  to 
turbulent  flows  at  transonic  speeds,  in  order 
to  verify  that  the  surface  of  the  tank  atruc- 
ture  eilL  not  be  subjected  to  tempecaturea 
above  10  ”0  as  well  as  to  qualify  the  inaula- 
tlon  with  reapect  to  the  turbulent  pressure 
field  s  thermoacouatic  test  was  petrorsed. 


tiq.  4  AHIANE  5-launchrtr 


One  half  of  the  tank  structure  partially  co¬ 
vered  with  a  sample  of  the  insulation  materi¬ 
al  and  the  rest  covered  with  ordinary  fire 
resistant  carpets  was  placed  inside  the  re¬ 
verberation  chamber  opposite  the  flame  heat¬ 
ing  system  (tig.  5).  Four  control  microphones 
were  positioned  around  this  test  set-up, 
their  locations  being  well  outside  the  hot 
tone.  In  addition  a  probe  microphone  was  in¬ 
stalled  for  direct  measure  of  the  dynamic 
pressures  on  the  surface  of  the  insulation 
material  inside  the  hot  ^one. 


Ili),  S  Thorntoncoustlc  tegi 

in»idc  Movorliorai  u>n  Ch.-infuir 


The  readings  of  Ihese  micrephonea  aie  pie- 
Senled  in  Fig.  I.  The  upper  part  coniains  *he 
spectre  as  measured  under  *T.  There  are  cer¬ 
tain  differences  in  the  frequencies  up  to 
IIS  ns  artd  beyond  40t  ttt,  however,  the 
OAPFL-value  is  the  tame  for  the  probe  micto- 
phone  Ski  the  average  out  of  the  foul  control 
microphones. 

booking  at  the  lower  part  it  is  obvious  that 
the  spectra  obtained  during  the  flame  heating 
process  differ  substantially.  Nhoreas  the 
shape  of  the  avecoged  control  microphone 
epoctium  it  not  very  much  affected,  the  probe 
microphone  indicetea  substantially  lower  noi¬ 
se  levels.  Due  to  the  lower  density  of  the  hot 
gat  medium  rhe  sound  pressure  levels  ate 
conaideiably  reduced  leading  to  on  OAfFL- 
valuo  which  is  I  db  lower  compared  with  g*. 
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this  case  the  temperature  did  not  exceed  60 
as  specified. 


TPS  for  Advanced  Launcher 

In  the  framework  of  a  study  sponsored  by 
CSTEC  (Kef  3)  a  multiwall  TPS-panel  was  de¬ 
veloped  by  DASA  which  was  used  as  a  candidate 
for  a  thermoacoustic  test.  The  TPS-panel  is 
considered  to  be  taken  from  a  reference  vehi¬ 
cle  (Pig.  8)«  the  arrow  lndicatin9  the  refer¬ 
ence  location. 


I  <  *  !  I  2  I  I  i  t  M  I 


(iq,  b  Acouscic  Spectra 


Th»  t«ap*(«iur*  cuivt*  •o«Uof»a  by  th«r* 
■oeoupUt  «<t  aitpUytd  in  ftg.  Th*  i«- 
Qutttatnt  x»i  to  othiovo  440  ’C  on  th#  »o«- 
f*e»  o<  th#  IntuUlior  Mt^nil  ov#t  *  |>*nea 
«(  lout  alnul##.  Th#  upp*i  p#ft  thou#  th.t 
thli  t#^uli#a#ni  ««t  t##i»n#bSy  pood  lulfkl- 
1*4.  Th#  toa#t  p#tt  plv»t  th#  t#«i>#f#tu(#  fi»» 
e(  th#  t»nk  ih*!!  (b#lo«  th#  )n*uUtton).  In 


fUj.  ?  U’«pt!riitiirp  Curve* 


I;.),  II’S-Pitel  built  into  PhT 


Critical  loadings  occur  during  saparation  of 
the  two  stages  with  700  surface  tenperatu- 
re  and  sound  pressure  levels  up  t*)  l^S  d&  and 
gurlng  reentry  of  the  upper  stage  with  1000 
surface  temperature  and  an  OASPL  •  140  dB. 
With  the  objective  to  simulate  these  environ¬ 
ments  the  multiwall  panel  was  installed  into 
the  thermoacoustic  PWT  according  to  Fig.  9. 

Fig.  10  shows  the  facility  with  the  burners 
alighted,  the  test  window,  however,  is  still 
open.  In  the  next  step  the  PWT  will  be  closed 
and  the  airflow  started.  Temperature  rise  on 
the  panel  surface  will  be  observed  until  the 
specified  values  are  reached.  Finally  the 
noise  generators  are  activated  over  a  prede¬ 
termined  time  duration. 


Uj  If)  .ii 
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NONLINEAR  DYNAMIC  RESPONSE  OF  AIRCRAFT 
STRUCTURES  TO  ACOUSTIC  EXCITATION 

H.F.  Wolfe 
WL/FIBG  Bldg  24C 
2145  Fifth  St  Stc  2 

Wright-Patterson  Air  Force  Base,  Ohio  45433-7006,  USA 
and 

R.G.  White 

Institute  of  Sound  and  Vibration  Research,  University  of  Southampton 
Southampton,  S09  5NH,  UK 


SUMMARY 

Acoustic  fatigue  failure  in  aerospace  structures 
has  been  a  concern  for  many  years.  New 
prediction  techniques  arc  needed  for  the  new 
materials  and  structural  concepts  of  interest 
and  higher  sound  pressure  levels  encountered. 
The  objective  of  this  program  of  work  is  to 
improve  the  fundamental  understanding  of  the 
nonlinear  behavior  of  beams  and  plates 
excited  from  low  to  high  levels  of  excitation. 
Experiments  have  been  conducted  utilizing  a 
clamped-clamped  (C-C)  beam  statically  tested 
and  shaker  driven  at  increasing  levels  of 
excitation.  Similarly,  C-C-C-C  plates  were 
excited  by  a  vibration  shaker  and  in  a 
progressive  wave  tube.  The  total  sinti  s  and 
the  components,  bending  and  axial  and  the 
displacements  were  measured  with  increasing 
levels  excitation.  Bistable  behavior  was 
observ'ed  with  sinusoidal  excitation  for  both 
the  beams  and  plates.  The  measured  a.xial  or 
membrane  strains  were  very  low  compared  to 
Uit  bending  strains  for  high  levels  of 
excitation.  The  beams  randomly  excited 
exhibited  a  slight  frequency  shift  and  peak 
broadening,  which  can  be  attributed  to  an 
increased  stiffening  or  hard  spring 
nonlinearity.  Tjc  plates  randomly  excited 
exhibited  a  greater  f^requency  shift  ana  peak 
broadening  than  the  beams.  The  dynamic 
tests  resulted  in  a  nonlinear  relationship 
between  the  response  strains  and 
displacements  and  the  excitation  levels.  A 
multimodal  model  is  discussed  to  estimate  the 
mean  square  stress  response  due  to  high  levels 
of  excitation. 


INTRQPUCTIQN 

Acoustic  fatigue  problems  with  military 
aircraft  structures  have  continued  to  be 
expensive  to  solve.  Results  of  modifications 
to  older  aircraft,  changes  in  their  usage  to 
accommodate  new  weapons  and  equipment, 
extended  usage  and  lifetimes  have  all  had  a 
significant  cost  impact.  Increased 
perfomiance  capabilities  also  result  in 
increased  acoustic  levels.  Aircraft  designs 
resulting  in  direct  exhaust  gas  impingement  on 
structural  components  have  caused  increased 
levels  of  excituiton  and  high  temiaJ  loads. 
Flow  separation  and  oscillating  shock  waves 
cause  very  high  fluctuating  pressure  on  the 
structures.  Expose  to  aircraft  structures  and 
equipment  to  these  increasing  higher  noise 
levels  warrants  the  development  of  new 
prediction  methods.  Methods  have  been 
developed  over  the  years  to  predict  and  reduce 
acoustic  fatigue,  but  they  have  not  kept  pace 
with  increasing  requirements.  In  addition, 
future  structural  configurations  with  new 
materials  and  much  higher  siiffness  to  wcight 
ratios  are  evolving.  A  better  understanding  of 
the  nonlinear  random  vibrational  response  of 
structures  is  needed  to  improv*  the  prediction 
of  acoustic  fatigue  damage. 

The  objective  of  this  study  was  to  improve  the 
understanding  of  the  nonlinear  behavior  of  C- 
C  beams  and  plates  exited  to  high  levels  of 
vibration.  The  prediction  of  aeroacoustic  and 
ihermal  loads  and  fatigue  failure  arc  not 
included.  The  focus  was  the  development  of 
methods  to  predict  the  nonlinear  response  of 
simple  structures. 
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BACKGROUND 

Various  design  guides  for  predicting  the 
acoustic  fatigue  life  of  metallic  and  some 
composite  plate-type  structures  using  semi- 
emperical  mathematical  expressions  and 
design  nomographs  have  been  developed  (Ref 
1).  The  predictions  are  based  upon  assuming 
the  fundamental  mode  as  the  controlling 
parameter  which  simplified  the  analysis. 
Miner's  law  and  cumulative  damage  theory 
and  a  range  of  experimental  results  from 
various  structures  were  utilized.  Design 
guides  were  continued,  such  as  those  of  the 
Engineering  Science  Data  Unit  (ESDU)  in 
London,  UK,  and  updated  periodically  for  use 
in  the  government  and  aerospace  industry. 
Some  acousitc  fatigue  design  characteristics 
for  composite  materials  have  been  developed 
using  the  single-mode  assumption,  semi- 
empirical  formula  established  from  a  statistical 
analysis  of  a  range  of  experimental  test  data 
(Ref  2).  The  importance  of  multi-modal 
effects  was  observed  in  tests  involving  higher 
excitation  levels  (Ref  3).  Although  the  above 
methods  include  nonlinear  effects  up  to  the 
limits  of  the  test  facilities  used,  there  is  a 
growing  interest  in  higher  sound  pressure 
levels  and  anisottopic  materials. 

A  series  of  experimental  investigations  were 
conducted  using  beams  and  plates  to 
understand  the  nonlinear  dynamic  behavior. 
Clamped  aluminum  alloy  and  carbon  fiber 
trinforeced  plastic  (CFRP)  beams,  pinned 
beams,  and  clamped  plates  were  investigated. 
Linear  mode  shapes  and  nonlinear 
displacement  shapes  were  studied.  The 
response  due  to  random  excitation  was 
investigated.  For  forced  vibration  studies  of 
beams,  electromagnetic  coils  and  annular 
permanent  magnets  were  used.  For  the  plate 
studies,  a  large  vibration  shaker  and  acoustic 
progressive  wave  tubes  (APWT)  were  used. 
More  details  can  be  found  in  References  4  and 
5. 

Both  C-C  beams  exhibited  a  slight  frequency 
shift  and  peak  broadening.  Bistable  response 
(jump  phenomena)  was  obtained  with 
sinusoidal  excitation  cf  both  types  of 


materials.  This  occurred  when  the  excitation 
amplitute  was  constant  ana  the  frequency  was 
swept  upward  or  downward  around  the 
fundammental  resonant  frequancy  and  when 
the  frequency  was  constant  and  the  amplitude 
was  increased  or  decreased.  The  total  strains 
and  the  components,  bending  and  axial  and 
the  displacements  were  measured  with 
increasing  levels  of  excitation.  The  measured 
axial  or  membrane  strains  were  very  low 
compared  to  the  bending  strains  for  high 
levels  of  excitation.  The  axial  fundamental 
frequency  response  was  twice  that  of  the 
bending  mode  and  always  positive.  Both 
beams  randomly  excited  exhibited  a  slight 
frequency  shift  and  peak  broadening,  which 
can  be  attributed  to  an  increased  stiffening  or 
hard  spring  nonlinearity. 

The  static  strain  response  of  both  CFRP 
beams  did  not  exhibit  a  nonlinear  response  as 
great  as  the  dynamic  case  with  sinusoidal  and 
random  excitations. 

For  high  level  acoustical  excitation  of  a  C-C- 
C-C  plate,  the  modal  frequencies  were  less 
pronounced  than  for  low  level  excitation. 
Higher  modes  than  the  fundamental 
contributed  significantly  to  the  overall 
induced  response.  Multimodal  effects  become 
more  significant  at  high  levels  of  excitation. 

Modal  analysis  theory  is  generally  based  upon 
linear  assumptions  where  mode  shapes  are 
amplitude  independent  and  (xcur  at  a  single 
frequency.  In  the  nonlinear  case,  the 
displacement  shapes  and  natural  frequencies 
are  dependent  upon  the  boundary  conditions, 
the  level  of  the  excitation  force  and  the  initial 
conditions. 

The  study  of  structural  nxide  shapes  has 
grown  considerably  over  recent  years. 
Development  in  instrunKnts,  computers  and 
testing  techniques  have  resulted  in  detailed 
data  describing  structural  response.  Nonlinear 
displacement  shapes  have  been  obtained 
experimentally  tor  three  beam  configurations 
which  were  sinusoidally  excited  (Ref  6). 
Scanning  laser  vibrometers  were  utilized  to 
measure  the  surface  velocities  which  were 
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intcgraied  to  yield  displacements.  Various 
curve  fitting  methods  were  used  to  smooth  the 
displacement  data  and  provide  a  mathematical 
function  representing  the  deflected  shapes. 
The  axial  strain  can  be  obtained  from  the 
elongation  obtained  from  displacement 
function.  The  bending  strain  can  be  obtained 
from  the  second  derivative  of  the  function. 
Three  beam  cases  were  analyzed  which 
showed  close  agreement  with  strain  gauge 
measurements.  Accuracy  of  the  vibrometer 
method  was  dependent  upon  the  curve 
smoothing  process  used.  The  linear  classical 
solutions  of  the  equations  of  motion  were  not 
accurate  functions  to  describe  the  nonlinear 
displacement  shapes.  These  equations 
included  the  summation  of  sine,  cosine, 
hyperbolic  sine  and  hyperbolic  cosine  terms. 
Fourth  order  polynominals  were  more  accurate 
for  the  clamped  beam  case.  A  Gaussian 
function  was  more  accurate  for  the  pinned 
beam  case. 

THEORETICAL  CQNSIDERATION.S 

Acoustic  fatigue  life  prediction  methods 
generally  include  predicting  the  acoustic  loads, 
estimating  the  vibrational  stress  response  oi 
the  structure  and  predicting  the  life  from  stress 
versus  cycles  to  failure  curs  es  for  the  material 
and  fastener  configuration.  As  the  acoustic 
load  increases,  the  stress  response  becomes 
more  nonlinear  and  very  difficult  to  predict. 

The  theory  of  nonlinear  random  vibration  has 
not  reached  a  state  of  maturity.  Although 
many  methods  of  solution  exist,  there  can  be 
no  general  rule  about  the  suitability  of  any 
nKthod  for  a  particular  nonlinear  system  <Ref 
7  ).  Most  theories  for  the  dynamic  response 
of  beams  and  plates  for  geometric 
nonlinearities  were  based  upon  the  Duffing 
equation  or  equations  of  motion  wiih  some 
nonlinear  stiffness  terms  or  term.  Among  the 
most  widely  used  arc  the  rokk.*r-Planck 
equation  solutions,  perturbation  methods, 
equivalent  stochastic  linearization,  stochastic 
averaging,  cumulani-negleci  closure,  energy 
dissipation  balancing  and  the  time  domain 
Moiite  Carlo  apprtMch  (Ref  8).  Tsvo  types  of 
excitation  are  usually  considered:  deterministic 


and  random  excitation.  The  nonlinear 
deterministic  or  sinusoidal  cases  results  in  a 
jump  phenomenon.  The  random  excitation 
case  usually  results  in  stochastic  chaos. 

The  identification  of  mathematical  models  to 
represent  dynamic  systems  in  general  has 
attracted  considerable  attention  in  recent  years. 
Identification  of  nonlinear  systems  ranges 
from  methods  simply  to  detect  the  presence  or 
type  of  a  nonlinear  to  those  which  seek  to 
quantify  the  behavior  via  some  mathematical 
models. 

Benamar.  White  and  Brennouna  studied  the 
effect  of  large  amplitudes  on  the  fundamental 
mode  shapes  of  fully  clamped  plates.  They 
studied  aluminum  alloy  plates  both 
experimentally  and  theoretically  which 
resulted  in  a  high  degree  of  geometrical 
nonlinearity.  This  was  attributed  to  high  in¬ 
plane  stiffnesses,  inducing  a  higher 
contribution  of  the  axial  strain  energy  to  the 
total  strain  energy  ai  large  displacement 
amplitudes.  Even  higher  nonlinearities  were 
obtained  with  composite  plates 

Mei  fomiulaicd  the  displacement  and  stress 
relationships  for  C-C  plates  based  upon 
equivalent  linearization  methods  tRcf  10).  By 
including  the  in-plane  stretching  effect  in  the 
bending  fonnulation,  ihe  nonlinear  deflections 
and  stresses  were  found  to  be  much  less  than 
linear  theory  at  the  higher  levels  of  excitation. 
The  total  strain  at  the  surface  is  based  upon 
the  sum  of  the  bending  and  axial  strain. 
Smalt  deflection  linear  bending  theory  neglects 
the  strain  in  the  mid  plane  In  cases  where 
the  deflections  ore  small  in  comparison  with 
the  thickness  of  the  plate,  linear  bending 
theory  is  usually  adequate  (Ref  ID.  For 
higher  load  values,  the  rate  of  increase  of  the 
deflection  with  increasing  load  decreases  due 
to  the  increased  resistance  by  the  tensile 
forces  in  the  midplane  of  the  plate. 

It  has  been  useful  to  study  various  nonlinear 
beam  and  plate  theories.  Although  practical 
boundary  conditions  differ  from  those 
generally  considered  in  theory,  they  provide  a 
range  of  solutions  which  are  useful  in 
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estimating  the  response  of  practical  structures. 

A  form  of  the  maximum  mean  square  stress  in 
a  plate  acoustically  excited  (Ref  1)  may  be 
expressed  as: 

o*  it)  G,(0  cl 

where  o  is  the  static  stress,  G,  (  f,)  is  sound 
power  spectral  density,  f,  is  resonant 
frequency,  ^  is  damping  ratio,  and  t  is  time. 
This  equation  uses  only  the  first  mode 
response  and  assumes  that  the  static  and 
dynamic  deflected  shapes  are  identical  and 
that  the  acoustic  pressures  is  in  phase  over  the 
whole  panel.  The  first,  third  and  fifth 
vibration  modes  seemed  to  be  the  predominate 
modes  found  from  the  results  of  the  acoustic 
progressive  wave  tube  test  of  plates. 
Assuming  the  first,  third  and  fifth  modes  tire 
the  major  contributing  sources  of  response,  an 
extimatc  of  the  total  mean  square  stress  may 
be  expressed  as: 

^/i  ojW  •  A  ^ A  OjW  .{ •  4,  ^ A ojW  .* 

where  A  is  i  coefficient  and  A,  A,  A,  »■ 
l(X)%.  The  static  pressure  assumption  for  the 
first  mode  is  dependent  upon  the  length,  width 
and  thickness  of  the  plate  Funher 
approximating  the  third  and  fifth  nudes  as 
one  third  the  length  and  one  fifth  the  length 
would  produce  an  estimate  of  their  modal 
contribution.  The  critical  part  is  determining 
the  contributions  of  the  higher  order  vibration 
modes  with  the  coefficients  A,,  A,  and  A,. 
These  can  be  estimated  from  the  normalized 
integration  of  the  strain  spectral  densities  as 
discussed  in  the  cxpcrinKntnl  section  of  this 
paper 

LXPLRIMENTAL  LNVKSTIGATIQNS 

Base  excited  shaker  testing  of  clamped  plates 
provides  a  convenient  method  of  studying  the 
geometric  nonlinear  response  since  it  provides 
response  transfer  functions  from  well  defined 
fonring  functions.  Modal  coupling  and  the 
transfer  of  energy  from  one  mode  to  another 
are  imponant  aspects  to  modeling  the  foaed 


vibration  plate  response  due  to  high  levels  of 
excitation. 

Two  types  of  materials  were  selected  for 
testing:  aluminum  alloy  7075-T6  and  carbon 
fiber  reinforced  plastics  (CFRP)  Hercules 
AS4/3501-6  unidirectional  prepreg  with  AS4 
fibers  in  a  3501-6  matrix  (07±45'’/90‘’)s.  The 
undamped  size  was  260  x  210  x  1.30  mm  for 
the  aluminum  plate  and  260  x  210  x  1.09  for 
the  CFRP  plate.  The  vibration  shaker  testing 
arrangement  is  shown  in  Fig  1  with  the  CFRP 
plate  in  the  aluminum  alloy  clamping  frame 
used  for  both  plates.  The  frame  was  bolted  to 
the  shaker  head.  The  shaker  head  was  totated 
to  the  vertical  position  to  obtain  a  horizontal 
excitation  force.  This  method  was  selected  to 
prevent  the  mass  of  the  panel  from  effecting 
the  displacements  and  the  strains  measured. 
Strain  gauges  were  bonded  back-to-back  to 
measure  total,  axial  and  bending  strains  as 
shown  in  Fig  2.  Displacements  were 
measured  with  a  laser  scanning  vibrometer. 

The  linear  frequencies  of  the  aluminum  alloy 
plate  used  in  the  shaker  experiments  were 
dttemiined  by  exciting  the  plate  sinusoidally 
with  an  acoustic  driver.  The  modal  frequencies 
found  with  the  aluminum  alloy  plate  were  230 
Hz  for  the  first  mode.  .365  and  485  Hz  for 
the  second  nnxlcs  and  618  and  864  Hz  for  the 
third  modes. 

Sine  dwell  aluminum  alloy  plate  tests  were 
conducted  near  the  fundamental  frequencies 
selected  by  sweeping  slowly  from  below  the 
fundamental  frequency  to  a  point  just  before 
the  amplitude  jumps  down  to  a  tow  level. 
The  jump  phenonKnum  was  observed  when 
the  fundamental  frequency  increa.sed  from 
228.9  to  245.9  Hz  as  shown  in  Figs  3 
indicating  a  hardsprmg  nonlmeanty. 

Random  response  tests  were  conducted  with  a 
spectrum  controller  programmed  for  a  flat 
spectrum  shape  from  10  1000  Hz.  Examples 
of  the  excitation  spectral  densities  are  shown 
in  Fig  4.  This  frequency  band  included 
combinations  of  the  first  through  the  third 
modes.  The  strain  responses  are  shown  in  Fig 
5  for  the  five  strain  gauge  locations  and  the 


displacements  at  the  center  of  the  plate.  The 
highest  strain  measured  was  located  at  the 
center  of  the  longer  side  of  plate  near  the 
clamping  frame,  strain  gauge  location  2.  The 
total,  axial  and  bending  strains  measured  for 
strain  gauges  locations  2  and  7  are  shown  in 
Fig  6.  The  axial  strain  was  4.56%  of  the  total 
strain.  The  relationship  between  the  total 
strains  at  five  locations  and  displacement  is 
shown  in  Fig  7.  This  relationship  is  nonlinear 
at  small  displacements.  The  total  strain 
spectral  densities  are  shown  in  Fig  8  for 
location  2.  Large  strain  responses  occured 
around  220,  670  and  900  Hz  with  peak 
broadening  and  shifting  to  higher  frequencies 
which  is  indicative  of  geometrical 
nonlinearities.  The  strain  spectral  densities  for 
total,  axial  and  bending  at  low  levels  and  high 
levels  of  excitation  are  shown  in  Figs  9  and 
10.  The  axial  or  inplane  stretching  effect 
occurs  at  twice  the  bending  resonant 
frequencies.  0\  er  most  of  the  frequency  band 
the  bending  and  total  strain  spectral  densities 
were  about  equal  except  at  the  high  level. 
The  axial  strain  response  was  higher  than  the 
bending  around  460  Hz.  This  results  in  a 
higher  total  strain  response  around  the  axial 
fundamental  mode.  The  displacement  spectral 
densities  are  shown  in  Fig  11.  which  are 
similar  to  the  total  strain  spectral  densities 
except  for  the  relative  amplitudes  of  the 
higher  order  modes.  One  indication  of  the 
modal  contribution  of  the  strain  response  can 
be  obtained  by  integrating  mathematically  the 
strain  spectral  densiues  and  normalizing.  An 
example  of  this  is  shown  in  Fig  12  for  the 
total  strain  at  location  2.  where  the 
fundamental  mode  contributes  about  82%  of 
the  total  frequency  response. 

The  linear  modal  freqiicncies  of  the  CFRP 
plate  were  also  determined  by  sinusoidally 
exciting  the  plate  acoustically.  The  nsodal 
frequencies  found  were  139  Hz  (or  the  first 
mo^.  147  and  374  Hz  for  the  second  modes 
and  223  and  865  Hz  for  the  third  modes. 

Sine  dwell  CFRP  plate  tests  were  conducted 
similar  to  the  aluminum  alloy  plate  lesu.  The 
jump  phenomenum  was  observed  when  the 
fundamental  frequency  increased  from  147.5 


Hz  to  188.7  Hz  as  shown  in  Fig  13,  which 
were  about  24%  lower  in  frequency  than  the 
aluminum  plate. 

The  strain  responses  arc  shown  in  Fig  14  for 
the  random  excitation  case  of  the  CFRP  plate. 
Very  similar  overall  strain  responses  to  the 
aluminum  case  were  obtained.  The  total,  axial 
and  bending  strains  measured  for  strain 
locations  2  and  7  are  shown  in  Fig  15.  The 
axial  strain  was  7.47%  of  the  total  strain, 
almost  twice  that  of  the  aluminum  case.  The 
strain  and  displacement  relationships  are 
shown  in  Fig  16  which  are  similar  to  the 
aluminum  case.  The  total  strain  spectral 
densities  are  shown  in  Fig  17.  Large  strain 
responses  occured  around  200,  400  and  9(X) 
Hz.  The  strain  spectral  densities  for  total, 
axial  and  bending  at  the  low  level  and  high 
levels  of  excitation  are  shown  in  Figs  18  and 
19.  The  displacement  spectral  densities  are 
shown  in  Fig  20,  which  appear  to  have  more 
modes  than  the  aluminum  case.  The 
integration  of  the  strain  spectral  densities  are 
shown  in  Fig  21.  The  fundamental  mode 
contributes  to  about  92%  of  the  total 
freciucncy  response,  which  was  higher  than  the 
aluminum  case. 

Some  trends  observed  in  the  linear  mode 
shape  analysis  of  the  types  of  plates  were 
noted.  The  fundanwntal  modal  frequency  was 
considerably  higher  in  the  aluminum  case. 
This  can  he  attributed  to  the  higher  mass 
density  and  greater  thickness  than  the  CFRP 
panel.  The  results  of  the  second,  third  and 
fourth  modes  were  unclear,  primarily  due  to 
the  modal  coupling.  The  frequency  response 
was  very  sensitive  to  smalt  changes  in 
boundary  conditions,  temperature,  geometry, 
and  material  properties. 

Some  trends  obsersed  in  the  nonlinear  mode 
shape  analysis  of  the  two  l>'pcs  lates 
excited  sinusoidally  were  noted.  The  range  of 
frcquciKV  response  was  much  higher  for  the 
CFRP  plate  than  the  aluminum  plate  for  the 
same  range  of  displacemenu.  The  CFRP  plate 
exhibited  a  greater  hard  spring  nonlinearity. 
Much  greater  excitation  was  needed  for  the 
CFRP  plate  which  can  be  attributed  to  the 


smaller  mass  due  to  a  smaller  thickness. 
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Some  trends  observed  in  the  nonlinear  random 
response  of  the  two  types  of  plates  excited 
were  noted.  The  overall  rms  strain  response 
levels  and  displacements  were  quite  similiar 
with  the  two  plates  which  have  quite  different 
thickness  and  densities.  Major  differences 
were  noted  in  the  levels  of  the  axial  strains. 
The  aluminum  plate  were  much  lower  than  the 
CFRP  plate.  The  strain  and  displacement 
relationship  were  quite  similar.  The  spectral 
content  from  the  strain  spectral  densities  was 
different.  The  CFRP  plate  exhibited  more 
modes  and  more  peak  broadening  as  the 
excitation  level  increased  than  the  aluminum 
plate.  This  was  also  the  case  for  the 
displacement  spectral  densities.  The  integrals 
of  the  strain  spectral  densities  exhibited  less 
contribution  from  the  first  mode  for  the 
aluminum  case  than  the  CFRP  case.  The 
higher  modes  for  the  CFRP  case  were  more 
smeared  with  no  well  defined  step  beyond  the 
fundamental  mode. 

mausiQjiis 

1.  A  comparison  between  the  aluminum 
alloy  plate  sinusoidal  response  around 
response  around  the  fundamental  modal  and 
that  of  the  CFRP  plate  indicated  a  greater  hard 
spring  nonlinearity  in  the  CFRP  plate.  The 
nonlinear  displacement  shapes  extended  over 
a  greater  frequency  range  than  the  CFRP 
plate. 

2.  The  CFRP  plate  randomly  excited 
exhibited  a  greater  number  of  modal  response 
frequencies  and  more  peak  broadening  than 
that  exhibited  by  the  aluminum  alloy  plate. 
The  fundamental  nonlinear  modal  response  of 
the  CFRP  plate  contributed  more  heavily  to 
the  overall  response  spectrum  than  the 
aluminum  plate. 

3.  The  contribution  of  higher  order  modes 
of  plate  response  is  greater  os  the  level  of 
excitation  increased.  These  should  be 
considered  in  future  prediction  models. 
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Fig  3  Acceleration  ve  Strain  and  Disp'acement. 
Sine  Dwell  Alutr.inum  Plate 


IM 


W 

1 

c 

N 

0 

I 

7 

M 

A 

1 

N 

» 


HItHt 


no  t  HI 

too  x’ 


lOHi 


Of 


0.4  0.0  0.0  1 

AociUMTiaNii'toMia 


i 

A 

\4  0 

« 

W 

»  5 

T 

'  f  m 
m 

■1  0 

- - -0  4 

1.4 


11 


Fig  2  Strain  Gauge  locations.  Shaker  Tests 
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Fig  4  Acceleration  Spectral  Density 
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Fig  6  Total.  Axial.  Bending  Strains.  SG  2, 
Random.  Aluminum  Plate 


Fig  8  Strain  Spectral  Densities.  SG  2.  Random, 
Aluminum  Plate 
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Fig  5  Excitation  vs  Strain  and  Displacement. 
Random.  Aluminum  Plate 


Fig  7  Displacement  vs  Strain,  Random, 
Aluminum  Plate 


Fig  9  Strain  Spectral  Densities,  SG  2,  Total, 
Axial,  Bending,  Low  Level,  Random,  Aluminum 
Plate 
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Fig  12  Integra'  ‘Strain  Spectral  Density,  SG  2. 
Random,  Aluminum  Plate 
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Fig  14  Excitation  vs  Strain  and  Displacement,  Random. 
CFRP  Plate 


Fig  1 1  Displacement  Spectral  Densities, 
Random,  Aluminum  Plate 


Fig  13  Acceleration  vs  Strain  and  Displacement. 
Sine  Dwell,  CFRP  Plate 


Fig  15  Total,  Axial,  Bending  Strain,  SG  2,  Random. 
CFRP  Plate 


Fig  18  Strain  Spectral  Densities,  Bending,  Axial,  Low 
Level,  Random,  CFRP  Plate 


F'g  20  Displacement  Spectral  Densities,  Random,  CFRP 
Plate 


Mb  1  •> 


Fig  19  Strain  Spectral  Densities,  Bending,  Axial,  High 
Level,  Random,  CFRP  Plate 
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Fig  21  Integral  Strain  Spectral  Density,  SG  7,  Random, 
CFRP  Plate 
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ACOUSTICS  OF  SPACE  STRUCTURES 


I’.Siiiilini' ,  F.Morga.ii(.i*,  IFdiovaiiniicf.i' 

Wo»k  5i>(>n.^nrrfl  by  Alrjila  Spflzio  aiu!  by  Ibo  Ilnlinii  Mini.'frro  prr  la  Utiivrrsila  c  per 
la  rif  rr<  n  srirntifira  r  TornDloRifa  anil  by  tlif?  rll  llniua  “  l*n  Sapirnza” 


AbHh'ftcIi 

'I’hr  prolilrin  nf  tlir  rr^ponsc  of  a  panrt  bcion^in^  lo 
a  s[>arf'  Rl riirt.iirr  or  to  a  latinclicr  Is  ronsidrrrd.  Hy 
nsinx  loodal  appronrh  in  Iho  frrqnonry  domain,  the 
15  ilrscrilird  tbronRb  a  fiMitr  rioinrni  modrl, 
ami  thr  aronstic  Hrld  (trrrii>  funrlion.  The 

proi^omr  of  ll»r  air  is  <<Misidorrd,  and  ii  Irarls  to  llir 
addition  to  tlir  mass  matrix  and  to  tlir  damping  ma¬ 
trix  of  tlio  relevant  terms.  Tlic  transfer  fniietion  is 
tbrn  applied  to  the  rase  nf  random  inputs,  for  wliicb 
an  nnalyfiral  expression  is  provideil.  Some  niimrriral 
examples  show  tlie  efret  t  nf  the  adflitinnal  terms  on  the 
spptlral  distribniinn  anti  nn  the  relevant  UMS  value. 

List,  of  symbols 

A„:  .‘iroiislir  wiwr'lnij'l.li 
A(:  I  rniisyf-rsal  hriidiiig  wavrlmglli 
w;  froqiK'Mcv  (liiiiiiiiy  vnri;0ilo 
JF:  (iiagoii!t-l  Mi!\(,rix  oP  l  lio  sqii.nrf'd  tdgonvnlurs 
7(01):  gf'iirr.Tli7.''(l  ooordiiial.o.s  vrrlor 
Q:  cigonvnclor  iii.-ilrix 
A7,(ai):  oqiiivalnil.  nir  mass 
C„(w):  ra<!i:ilioii  (l;mi|iiiig 
//(uj);  roinplox  froqiiciicy  response 
.S,i;(w):  arreleral.ioii  I’SO 
.V/,(u)):  PSD  of  l.lic  grnrrali/,e<l  ar.oiisUc  input 
,S';.(ty):  PSD  of  llio  far  field  acoustic  input 
cross-joint  acceptance  matrix 
p\  air  density 

reverhernnt  field  correlation  matrix 
e:  speed  of  sound 
(/’:  Fourier  'lYansform  of  V' 
l/'*:  complex  conjngale  of  V’ 

Sn'  radial ing  surface 

1  -  Introduction 

Modern  l.rentl  r^f  spare  and  lannrliers  si  ructiircs 
sIk)ws  ail  Iprreasiiig  evolution  towanls  li^ldwei^bt, 
large  area  siirfarr-s.  'Tliis  rirninistanre,  assorjated 
with  1  be  broaflband  freqneiiry  emviroMnieiit.  of  spare 
sirnrtiires,  makes  it  neressary  to: 


'  DipJirl  im*’ril '•  Arrnspa/inlf,  t  btlvcr^ll  u  di  Hf»»nn 
^Alenin  Spn/in  SpA,  fUurm 


(i)  PDiilful  I.I11'  Ffliiilmii  i/iliFiil.i(iiis  li’vi'l  |irn(liii:('il 
liy  file  .aconsfir  eiivironmenl.  nn  file  sfrnc- 
tnral  nnifs  iiisfalled  on  flie  onfer  parl.s  (e.g., 
external  pi  aels  and/or  large  flexilile  appeii- 
d.ages,  snrii  ns,  f.i,,  anfennas  on  a  satellile); 

(ii)  predict  with  siilficient  arrnracy  tlie  dynamic 
lieliavioiir  of  snrii  si  riirlnres  under  the  ac¬ 
tion  of  diffuse  sound  fields; 

Two  liasic  approaches  arc  generally  used  in  this 
area,  depending  on  the  freqiieiiry  doiiiaiii  to  he 
considered.  For  higli  frequencies,  the  so  called 
SE.'\  (Statististiral  Energy  Approach)  is  used  [I], 
wliicli  provide.s  global  information  on  Ihe  (]nanti- 
ties  of  interest  (frcqnenries  hniidwidth  averages) 
and  is  valid  for  high  modal  density  only.  This 
method  is  generally  not  siilficieiilly  accurate  for 
medinm/low  frequencies.  At  low  freqneiicirs  the 
structure  can  he  ncenrately  represented  through 
its  normal -modes,  and  the  in-vaennm  res[>oiise  is 
rnlcnlal.ecl  via  the  classical  modal  appronrh.  The’ 
finid,  on  the  other  hainl,  ran  he  modelled  hy  using 
DEM  (Dotiiidary  Elements  Method)  terlmic|nes, 
mainly  in  presence  of  complex  structures  ami  acous¬ 
tical  cavities.  For  extended  (lat  configurations  the 
model  r.an  he  simplified  as  Green's  function,  an¬ 
alytically  known  and  available  for  the  case  under 
concern. 

The  strnclnral  model  must’  take  into  account 
the  need  for  an  accurate  Tiiodal  b.a-sis  np  to  2000 
ilx,  and  it  mnst  he  s\iitable  for  Green’s  fimr.t.ion 
drlermination.  Special  att'-nlion  must  he  (and 
wn-^)  paid  to  the  size  of  the  tdeineiils  and  to  the 
l)onndary  eonditions  in  order  to  obtain  siifficicntly 
repre.sentntive  modes  at  high  fretpiencies  too.  The 
response  of  the  structure  is  thus  cakulated  con¬ 
sidering  a  r.anilom  pressure  fiehl  with  correlation 
given  hy  eoherence  functions  valid  in  a  reverber¬ 
ant  environment. 

As  said,  the  effect  of  the  air  is  simnlatcd  through 
(.'renn’s  fnnetioii  in  free  span-  for  the  calcnlafinn 
of  the  ra<liated  .sound  field  (Helmholtz  Equation)- 
This  simulation  has  providerl  results  which  are  in 
good  agreement  with  similar  resnit.s  taken  from  Ihe 
current  literature,  [2],  [fi]. 


Presenii'd  al  a  Sviiiposiiim  on  ‘Impact  of  Acoustic  Loads  on  Aircraft  Strtictures’  held  in  Ullehammer,  Norway,  May  1994. 
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’Die  ronsoiis  fur  llir  rluiires  as  clesrrilieil  uluwr 
are  rssei\l,ially  (if  a  prai'l.iral  kind;  lliey  are  aiiimd 
lo  olilainiiiR  an  onirirnt  nielliod,  minimizing  roni- 
pnling  iimr,  and  laking  advanl.agr  from  I'I'.M  mod¬ 
els  already  used  during  I  lie  develoinnent  of  Kin  de¬ 
sign  phase, 

2  -  Modal  superposition  appro¬ 
ach 

Using  the  modal  snpertiosil.ion  approaeh,  as 
well  known,  the  erination  of  dynaniir  eqnilibriiini 
for  a  discretized  system  wit  h  N  degrees  of  freedom 
rearls: 

Mr +  Cr  +  ri.r  =  r{l)  (1) 

with.  T  =  state  vector,  and  M H  —  ma.ss,  damp¬ 
ing  and  stiff  matrices  respectively.  Uy  introducing 
the  modal  matrix  Q  and  the  vector  of  modal  am¬ 
plitudes  and  laking  Fourier  's  transform  of 
(I),  we  have  the  eipiation  of  (he  structure  in  the 
freipiency  domain: 


(where  k  =  —  wave  niiinher),  and  using  Green’s 
rnnctioii  between  points  R  and  /?fl: 

i.jk\ii-n„\ 

one  obtains  Helmholtz’  integral  equation: 


;>{/?)  =  -/  +  pwfl)t1Sn  (Cl) 

•f.Sn  "s 

For  some  special  con Rgn rations  of  the  source 
the  component,  a-ssociated  with  the  surface  inte¬ 
gral  disappears,  and  an  explicit  expression  for  the 
pressure  field  in  terms  of  a  given  surface  accelera¬ 
tion  is  obtained  as: 


f(/?)  =  -/>/  lh,Vi<{lh)dSo  (7) 

Js„ 

For  an  infinite  (lat  surface  this  can  he  writ  ten; 


[-w^/  -I-  ju;C  -t-  n’]9{w)  =  Q'^Fiu)  (2) 

In  order  lo  take  into  account  the  presence  of 
air,  the  acoustic  field  is  expressed  as  the  sum  of 
two  terms:  the  first  is  the  pressure,  that  would  ex¬ 
ist  if  the  strnct.nrc  were  replaced  by  a  rigid  body 
(field  [)ressnre  pr  );  the  sec.oml  term  is  the  pres¬ 
sure  irradiated  by  the  vibrating  flexible  structure 
in  t  he  absence  of  an  external  aronstic  .source  (ra- 
iliated  pressure  pn)  [d],  [fi].  So  we  can  write; 

g^T(cv)  =  -f  (3) 


3  -  Relevant  acoustic  princi¬ 
ples 


r  .;A-|n-r?n| 

v{R)  =  2p  n,(/?a), ■  ■■.d.S’n  ’  («) 

'File  ,"hove  expression  gives  a  good  estimate 
also  for  vibrating  surfaces  snlTlcienl  ly  wide  as  com¬ 
pared  with  acoustic  wavelengths,  (except,  of  course, 
near  the  edges), 

4  -  Complex  frequency  response 

'Die  complex  frequency  response  is  calcnlnted 
considering  the  presence  of  (  he  air  .a.s  simulated  by 
an  equivalent  adilitional  ma.ss  and  by  .an  eqiiiv.a- 
leiit  damping  to  be  added  to  mer.lianical  structural 
damping  ('I]. 

For  a  discretized  flat  structure  in  the  frequency 
domain  the  radiated  pressure  at  a  specific  point  j",,, 
reails: 


Starling  from  llelmholt.z'  eipiation  [fi],  [fi]: 


('!) 


jAi-™ 


■1  V — ' 

=  2pui  y  K  - — 

dxi' 


V-;-  (  k'^J,  =:  0 


/I  a  (0) 


wliorc  fi„  =  5Zr=i  Qiu9.<(w),  /^n  is  the  element,  siir- 
romuliR  /’„  and  the  integral  appearing  in  Eq.(8) 
ha.s  heen  replaced  hy  the  corresponding  summa¬ 
tion  with  wciglds  A„,  and  llie  summation  is  ex¬ 
tended  over  all  the  points  P„  into  which  the  system 
has  heen  discretized. 

Insertion  of  the  nl)ove  expression  into  the  equa¬ 
tion  of  motion  (2)  yields: 


at  take  off.  The  respoii.se  of  t  he  structure  is  there¬ 
fore  essentially  of  a  statistical  nature:  f.i.,  for  the 
acceleration  i’SD  (Power  Spectral  Density)  we  have: 


.Si;(w)  =  QII{w)S,.{u^)H’{u>)Qr 

and  for  the  acceleration  Il.MS: 


[-uj*(/  -f  A/„(u;))  +  +  Crtlw))  -f  fl'ji/  =  Qrf 

(10) 

where: 


"/fAf.s  =  y^y  uS',ii(w)du)  (13) 

In  the  foregoing  equations,  .S’/,  is  the  I’SD  of 
the  generalized  input,  given  hy: 


M„{ui)  =  2pQrG„Q 


r„(u;)  =  -2nQrG,Q 


{Gl)m.,i  = 


'Irrr,,,,, 
sin  krm„ 


and  /!,„  anrl  .-h,  are  tin'  surface  elements  relevant 
to  the  points  /•„,  and  r„  respectively. 

As  is  .seen,  and  as  said  ahove,  the  effect  of  the 
air  is  that  of  an  added  mass  {Ma)  and  of  an  added 
damping  (6'„). 

'riie  frequency  resjionsc  (or,  better,  the  trans¬ 
fer  funct  ion  of  the  slrucl  nre)  is  therefore: 


//(ui)  ==  w=[-u:-(/-(-A/„(w))-2jw((;-l-C,.(w))-fD=)-' 

(11) 

It  should  he  noticed  that  the  matrices  Ma{u)XJ„{w) 
arc  not  diagonal,  as  can  he  seen  from  the  ahove 
definitir>!  However,  off-diagonal  terms  are  gen¬ 
erally  very  small,  and  they  havi'  heen  neglected. 


‘^/.(u^)  =  Qr  lim  (ui)Q 

7  —(X  J 

=  Sl>{u))QT(TiXm,Xr,,w)Q 

=  Si.{u>).j\u>)  (H) 

Here  Sp  denotes  the  PSD  in  the  far  field  of 
the  input  pre.ssure;  rr  stands  for  the  coherence  ma¬ 
trix  of  the  excitation  (it  mea-sures  the  correlation 
hetween  the  input  pressure,  as  measureti  at  llm 
various  points  of  the  fiehl);  ./‘(w)  is  the  cross-joint 
acceptance,  i.e.,  the  part  of  the  energy  that  i:ach 
of  the  motles  can  extract  from  the  acoustic  Reid. 

Many  publications  [2],  [!)],  confirm  that  the 
firing  of  a  missile  has  a  reverberant  acoustic  be¬ 
haviour  in  the  whole  frequency  domain,  so  that 
we  considered  it  as  a  diffuse  pressure  field,  typical 
of  reverberant  rooms  where  [7],  [8]: 


'’■(■Cm.a-n.tv)  = 


sin*r„,„ 


5  -  Random  inputs 

Itandoin  acoustic  inputs  (stationary  ergodic) 
induce  St oi- hast  ii'  vd'ral  ions  in  t  he  st  met u re.  Such 
inputs  include  loads  arisitig  from  jet  and  rocket 
propulsion  ev>-uts.  buffeting,  etc.,  present  mainly 


Fij;.!  Ri'verlteraiil  field  eurrelatiun 


As  an  cxaniplp,  Fig.  2  provide.s  a  typical  acous¬ 
tic  .spectrum  for  the  firing  of  Ariano  d.  The  spec¬ 
tral  density  of  the  input  is  shown  in  Tah.l. 


Fig. 2  Acoustic  spectrum  at  firing  for  Ariane  4 
(from  Ariaiiespace,  1083) 


Tail. I  /icouslir  input  ilata  for  Ariam*  -1 
(from  Ariaiiespace.  1083) 


6  -  Illustrative  examples 

Illastrativc  tests  wore  worked  out  for  a  rect¬ 
angular  honeycoml)  aluniinuin  plate  with  flexural 
support  and  torsional  restraint.  The  data  are  re¬ 
ported  in  Tab. 2. 


3/16  5052  007  | 

1  Skin  thickness 

HKSESlufliii 

IHISIIEBiBlHl 

1  Panel  lenght 

2  m 

1  Panel  width 

_ 2_m _ 

Tat). 2  Data  for  illustrative  example 

The  finite  element  model  consists  of  1200  elements 
(('QUAI)d,  CIIBXA8),  882  grids,  consistent  mass 
option,  all  D.O.F.  retained  and  the  modes  up  to 
1000  Hj!  wore  computed;  this  limit  was  chosen  as 
the  region  where  the  intensity  of  the  acoustic  field 
is  most  intense,  so  as  to  reduce  computing  time  as 
much  as  possible. 

The  mesh  was  chosen  in  such  a  way  as  to  he 
consistent  with  the  following  rec|uirements: 

(i)  to  have  representative  modes  up  to  1000  Hz; 

(ii)  to  have  sulficiently  small  elements,  so  as  to 
obtain  high  correlation  values  for  the  acous¬ 
tic  input. 

(hi)  in  order  to  validate  the  .Tl)  finite  element 
approach,  a  .simplified  analytical  model  was 
used,  i.e.,  a  simply  supported  rectangular 
plate  including  shear  deformation  and  rotary 
inertia  effects,  fab.  .1  provides  the  relevant 
comparisons  up  to  800  Hz. 

(iv)  out-of-plate  modes,  a.ssociatc  with  the  finite 
rigidity  of  the  structure  normal  to  its  plane, 
have  no  special  interest  for  the  work  under 
concern,  on  account  of  their  very  high  fre- 
ipiency. 
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Analitic*!  mndri 

Numrriral  mndcl 

34  3 

24  4 

113  4 

*53 

*5  4 

*3  3 

133  ') 

1336 

169  3 

169  9 

U>'>  3 

169  9 

2190 

220  6 

2J9  0 

220  6 

2H4  3 

2*3  5 

2S4  3 

2*3  5 

MH1.7 

.102  1 

133  (1 

.133  1 

111 II 

3  3  3  1 

412  X 

ill  X 

412  H 

411  * 

421V  6 

4*9  9 

42X6 

429  9 

473  7 

473  1 

473  7 

473  4 

322  4 

319  J 

533  3 

319  3 

333  3 

361  1 

399  3 

391  4 

399  3 

391  4 

644  0 

647  3 

644  0 

647  3 

639  9 

657  4 

639  9 

639  4 

719  0 

712  2 

719  0 

7122 

79.1* 

192  6 

793  * 

792  6 

Compnrionn^  <»f  Uir  nigrnfrcvpinnro!*  of  Mio 
nttniy (Jcril  Mn<t  iiitmorirAl  tfto<IH 


I'liis  lias  given  ri'e  lo  llir  fdllowiiig  liiiiilalion: 

(v)  ^  <  firi.l  <  ^ 

Sl.riKiiirnl  fliiinpiiifi  i.s  assiinird  ronstaiit,  anti 
i’(|iial  to  .O'i. 

Several  roiifigiirat ioiia  were  analyr.ed  in  order 
1.0  evahinie  (lie  iiifliienre  of  llie  siirroiiiiding  air, 
of  I  lie  tnass  and  sl  ifTiiess  dial  rilmt  ion,  and  of  t  he 
variation  of  the  aronslie  input.. 

I'ig.d  de.arrilies  l.lie  variation  of  I  lie  Hrst  six  di¬ 
agonal  eleiiients  of  I  lie  matrix  I'ig.5  sliow.s 

I  lie  analogous  values  for  the  matrix  Cnlw).  Fig  fi 
lllnsi  rales  some  ipianlilies  for  oilier  rasev. 

Fig.n  illnst rales  I  lie  grid  used  in  t  he  analysis. 
I'lie  following  results  are  relevant,  lo  I  tie  points  III, 
2121,  ,T2r),  shown  in  the  same  figure. 

riie  elferl,  of  the  air  is  ohlained  l.lirongli  rom 
parison  of  Fig, 7  vs.  Fig. 8.  holli  providing  speriral 
variation  vs  freipien'-y  VVe  see  that,  at  least,  for 
the  ease  under  roiirern,  the  rliange  is  fiir  a  fartor 
of  several  imilies  (.')  or  more). 

1  he  same  iliagraiiis  are  shown  in  Figs.O,  10  h  r 
a  (laiiel  having  the  same  stiffness,  hut  with  a  rloii- 


ble  sl.rnrl.nral  mass.  VVe  see  that.  I  lie  effect,  of  t  he 
air  is  smaller,  as  it  is  nat  ural. 

Several  other  rases  were  worketl  out,,  t.liat.  can¬ 
not.  he  reporlerl  here  for  sake  of  hrevity.  From  a 
l.lioroiigli  examination  of  l.lie  relevant  results  .some 
general  remarks  ran  he  niade. 

The  presence  of  air  caused  rediicl.ion  in  the 
eigenfrerpiencies  of  I, he  st  ructure  up  to  15%;  this  is 
fine  to  an  inr.ren.se  of  the  nia.ss  matrix  of  the  order 
of  10-50%  and  to  an  afidilional  ilampilig  almost 
equal  to  the  striirtnral  one. 

The  air  ina.ss  part icipnnting  in  the  motion  is 
little  influenced  hy  stiffness,  wliereas  it  decreasing 
with  increasing  striirtnral  mass,  and  with  inrreas- 
ing  frequency.  Also  radiation  damping  is  strongly 
affected  hy  the  siriirinral  ma.ss;  it  heroines  partir- 
iilarly  active  at  medinm/higli  fretpiencies. 

From  a  response  viewiioint,  r.onsiileration  of 
the  presence  of  air  reduces  arreleration  peaks  in 
RSI)  diagrams,  so  they  are  moved  towards  lower 
frequencies.  On  arconnl  of  the  ilifferent  feature 
of  the  modal  shapes,  I  he  response  at  the  various 
points  is  tlifferent:  this  ran  he  nseil  for  equipments 
positioning. 

Finally,  variations  in  stiffness  allows  moflifi- 
rations  in  striirtnral  freqnenries.  with  a  possible 
movement  of  I’.SI)  peaks  lo  regions  where  input  is 
less  severe. 


Fig. 3  Grifi  in  thn 
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7  -  Conclusions 

(i)  Tiir  behaviour  of  very  liglil  stniclures  for 
space  applications  can  be  analyzed  with  good 
accuracy  with  the  method  presented  in  this 
paper. 

(ii)  Obtained  results  show  the  importance  of  the 
presence  of  air;  neglecting  it  may  lead  to  an 
overestitnalion  of  the  response. 

(iii)  Numerical  simulations  have  provided  results 
in  good  agreement  with  the  experimental  re¬ 
sults. 

(iv)  Limitations  of  the  inethofl  aris*'  from: 

(a)  at  very  low  frequencies  the  size  of  the 
(lanel  is  of  t  he  order  of  magnitude  of  the 
acoustic  load,  and  the  panel  cannot  be 
considered  as  'hnfUed'; 

(h)  at  high  freqiieticies  local  deformations 
arise  that  cannot  be  described  by  finite 
eli-metil  tec|ini<|lies; 

(c)  for  the  acoustic  ttioileliiig  a  highly  fine 
mesh  is  necessary. 
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SUMMARY 

A  bnef  review  is  presented  of  work  by  the  authors  to 
provide  an  engineering  prediction  technique  for 
power  intensity  (rms  fluctuating  pressure)  and  power 
.spectral  density  (PSD)  fur  attached  and  separated 
compressible  flow.  The  review  process  also 
considen  recent  shock/turbulent  boundary  layer 
mteraction  work  conducted  at  the  Universi.y  of  Tcsa.s 
at  Mach  5.  It  is  shown  that  prediction  techniques  are 
hampered  as  the  result  of  the  requirement  to  know 
parameters  of  flow  interactions  a  pnun;  in  particular, 
the  choice  of  charactenstic  length  and  velocity  scales. 
A  techruque  is  presented,  based  on  the  Huubolt 
spectra  assumption,  that  appears  to  provide 
enguieenog  solutions  to  the  design  resolution  of 
complex  flow  problems.  The  method  is  ba-sed  on  a 

first  moment  type  of  PSD  (f  that  has  a 

fixed  value  for  attached  and  separated  flows. 
Moreover,  when  applying  the  concept  with  the 
Huubolt  spectra,  an  excellent  companson  is  shown  to 
PSD  data  for  shiKk/lurbuIcnl  boundary  layer 
intersctions. 

List  of  Srmbub 

F,  tiaiuformalion  function.  I:q.  (7) 

f,u  frequency 

h  enthalpy 

K  parameter,  Eq.  (2) 

k'  parameter.  Eqs.  (2)  and  (4) 

L  intermiltenl  region  length 

M  Mach  number 

P.  local  boundary-layer  static  pressure 

P,P  rms  fluctuating  pressure 

q  dynamic  pressure.  (y/2)PM' 

r  turbulent  recovery  factor.  0.*% 


u.v  velocity  m  stream  and  normal 

directions 

V  chiractcnstic  velocity 

x.y  cixirdinate  distance  in  .stream  and 

spanwise  direction  respectively 
a  shock  generator  angle 

iJ„  inviscid  oblique  shock 

d,  separation  line  angle 

Y  ratio  of  specific  heats.  1,4  lor  air 

r  intermiiiency 

4*  boundary-layer  displacement 

thickness 

X  compression  ramp  swept  angle 

f  parameter  defined  in  Eq.  (15) 

{  correction  to  swept  shock,  Eq.  (9) 

d  shock  angle  based  on  swept  shock/ 

boundary-layer  interaction.  Eq  (9) 
^w).d(0  power  spectral  dcmsiiy 

Subscripts 

aw  adiabatic  wall 

c  comprcvsible  conditions  or  swept 

comet  angle 

e  evaluated  at  edge  of  boundary  layer 

I  incumprc.v>ible  conditions 

s  reference  to  calculated  inviwid  shiK'k 

position 
w  wall 

1  approach  flow  upstream  ol 
inleraclmn 

2  shock'houndary. layer  intcractn  n 
region,  peak,  plateau 

»  Ireesiream  conditions 

Superscript 

•  reference  temperature  condition 
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INTRODUCTION 

The  ability  to  predict  fluctuating  pressure  and  power 
spectra  in  supersonic/hypersonic  turbulent  boundary 
layer  flow  has  relied  on  ad-hoc  techniques  developed 
from  a  database  generated  on  planar,  two- 
dimensional,  or  aaisymmetric  shapes.  Espenments 
have  led  the  way  to  investigate  the  phenomena  due  to 
restnctive  assumptions  and  limitations  in  analysis. 
The  algorithms  developed  to  date  are  generally  for 
attached  turbulent  boundary  layer  flow  where  a 
reasonable  database  exists  for  supersonic/hypersonic 
flow  conditions.  Moreover,  the  configurations  from 
which  this  database  has  been  generated  consist  of 
rigid  structures  (strategic/tactical  weapon  systems) 
which  are  capable  to  reacting  to  high  pressure  and  the 
low  and  high  resonant  frequencies  associated  with 
these  loads.  However,  future  space  transportation 
will  require  configurations  that  feature  control 
surfaces  as  well  as  ramps  and  inleLs  required  fur  an 
airbreathing  propulsion  system  where  the  engine  is  an 
integral  part  of  the  airframe.  These  s'.ruclures  will 
require  large  areas  of  flat  panels  which  are  generally 
less  elTicienl  to  pressure  loads  and  low  resonant 
frequencies  due  to  reduced  stiffness.  Furthermore 
these  lifting  body  configurations  will  feature  complex 
3D  flow  associated  with  the  control  surfaces  as  well 
as  a  multitude  of  shock/boundary  layer  interactions  as 
well  u  shock-oo-ahock  problems  that  can  have  a 
significant  impact  on  the  dynamic  and  strength 
characteristics  of  the  vehicles  structure.  Fiiully.  the 
tiussion  profile  for  these  types  of  systems  will  be 
more  demandiag  than  that  espenenerd  by  modem 
fighter  aircraft  or  ballistic  and  maneuvering  weapon 
systems  from  which  the  current  database  and 
prediction  lechniquoa  were  developed.  Figure  I 
shows  a  typical  hypersonic  coofiguraiion  featuring  3D 
non -circular  croas-aaclioiu  with  ramps,  control 
surfaces,  arwl  nigioos  where  sheKk/liouiKlary  sod 
shock-on-abiK'k  interactiocu  can  iKcur. 

The  ohjeclive  of  this  paper  is  to  provi  le  a  bnef 
review  of  weirk  developed  by  ihc  aulbors  to  predict 
ihe  unsteady  flow  behavior  of  fluctuating  pressure 
asMK'iaKsi  with  attached  and  separated  luibulent  flow 
cooditiuns.  The  review-  will  alui  fiwut  on  work 
gessrraird  m  the  pasi  several  years  on  flow 
mteraclioos  (separated  flow)  Three  eacelicnt 
reviews  of  the  nihjeci  matter  are  provided  by 
Laganclli  and  Wolfr  (Ref.  I).  Dolling  (Ref  >).  and 
Laganelli  e<  al  (Ref  3).  In  RcferriKe  I.  both 
attached  and  lepaiited  flow  result!  are  diKuuad. 


Fluctuating  pressure  and  power  spectra  are  described 
for  zero  pressure  gradient  flow  on  smooth  and  rough 
surfaces,  while  the  non-altached  flow  results  were 
developed  using  approach  flow  conditions  that  were 
subsequently  augmented  using  oblique  shock 
relations.  Reference  2  provides  a  tutorial  and  update 
on  fluctuating  loads  in  shock  wave/turbulent  boundary 
layer  mterac'.ions.  This  excellent  review  focused  on 
the  expenmental  work  which  has  been  limited  to  the 
supersonic  flow  regime  (M„  £  5).  Fluctuating  wall 
pressure  interaction  expenments  (Ref.  4)  were 
conducted  at  M  >  5  but  have  not  been  published  (to 
our  knowledge).  The  data  reported  in  Reference  2 
consist  of  interactions  generated  by  unswept  or  swept 
compression  ramps,  forward  facing  steps,  flares, 
sharp  and  blunt  fins,  cylinders,  and  by  impinging 
shocks.  Moreover,  the  expenmental  results  were 
pnmanly  obtained  al  Mach  3  (.senes  of  expenments 
at  the  Umversily  of  Pnncelon)  and  Mach  5  (senes  of 
expenments  generated  al  the  Umversily  of  Texas). 
The  emphasis  of  this  work  was  concerned  with  the 
quantification  of  the  eticcis  of  the  dynamic  and 
unsteady  separation  of  the  inleracliun,  in  particular 
the  intermillenl  regions  wht.  c  the  separation  shock 
fool  translates.  In  order  to  accommodate  this 
research,  strong  shock  generating  angles  were 
required  that  are  nut  practical  for  hypersonic  efficient 
aerodynamic  structures. 

As  noted  in  Figure  I ,  mlcraclions  can  occur  along  the 
intersections  of  control  .suifsccs  (horitonul/vertical 
stabilizers,  slreke/body),  inlets  (comer  flow),  and 
shock  impingement  (how  shock  on  cowl  lip, 
stabilirers,  or  inlet)  on  various  Mirlaccs  Moreover, 
the  flew  leading  into  ihc  inicl  along  ihc  ramp  can  be 
both  viwid  and  inviscid  i.c  variable  Mach  number. 
No  lluctualing  database  exists  (or  these  type  of 
inlcractioru  thereby  requmng  ihe  designer  to  lue 
eogmcenng  judgemcnl  or  brunstic  techniques  that  ate 
often  very  conservative  and  can  result  in  significant 
weight  penalties.  This  is  further  emphasized  in  the 
cnrobuslor  region  which  can  have  a  Jranulic  impact 
on  ihc  structure  and  subsequent  weight  perultics 
Problems  associated  with  the  latter  conditions  arc 
discussed  in  Rclcrcnces  >  and  b 

Laganclli  ct  al  (Ref.  t)  allempicd  to  address  ibe 
above  inleraclion  regions  where  no  database  exists. 
,A  type  of  Reynolds  analogy  wa.s  mtniduccd  where 

ra  and  ctaipicd  with  the  acoustic  relationship/’ 


0(0) 


0) 


a  T,  such  th»l  a  (x  P.  In  this  manner  a 

significant  database  could  be  diawn  upon  involving 
heat  transfer  in  shock  wave/turbulent  boundarv-  layer 
interactions.  For  this  situation,  augmentation  factors 
were  approximated  between  peak  nns  pressure  and 
peak  healing  using  the  M  ^  S  2D/3D  database  and 
subsequently  applied  to  the  more  extensive  heat 
transfer  database  for  M  >  S. 

It  is  further  noted  that  experiments  were  conducted 
by  Laganelli  el  al  (Ref.  7)  and  Laganelli  (Ref.  8)  on 
a  cooe/slice/flap  configuration  and  bi-cone/slice/flap 
configuration,  respectively  al  Mach  numbers  of  4.  $. 
and  10.  Angle  of  attack  and  flap  angle.t  were  vaned 
during  the  text  in  ordei  to  provide  How  separation. 
The  number  of  acoustic  gages  were  limited 
(approximately  six  m  the  slice/flap  region)  that  would 
make  it  dtfftcull  to  capture  peak  rms  pressure  levels. 
However,  careful  CFO  studies  mdicaled  that  the  .30 
nature  of  the  flow  provided  significant  pressure  relief 
as  well  as  the  fact  that  the  sonic  line  in  the  boundary 
layer  was  very  close  to  the  surface.  If  separation  did 
occur.  It  would  have  been  in  the  region  very  close  to 
the  slicc/flap  intersection  which  could  not 
accommodate  instrumentation.  Finally,  while 
Reference  2  provides  for  an  excellent  review  of 
fluctuating  loads  asscKiated  with  shock,  luibuleni 
boundary  layer  interactions.  Settles  and  Oolling  iRcf 
9)  deaenbe  the  regions  associated  with  swept 
shock/boundary-layer  interactic>nt. 

Discission 

The  prediction  methodology  for  aeroacousoc  noise 
generated  in  attached  and  shevk  Knmdary  layer 
turbulent  flow  can  be  found  in  the  recent  work  of 
Lagaoetli  and  Wolfe  'Ref.  I)  The  attached  flow 
Inchiuqucs  reaulled  from  the  earlier  works  of 
Lagaiselli  et  al  (Ref.  7)  while  the  sh«^k  b»>undats 
layer  mlertcliun  IwhniqsMs  were  first  presealed  in 
Reference  10  Fck  eaniinuily  of  the  picscni  isapei. 
aocne  of  thew  raaulu  will  be  pmcnied  hcrria  The 
haws  of  the  analyni  is  the  retalionstup  between  the 
mia  preaaure  and  pnwvr  spectra  as  provided  by 
liouboil  iRcf  7)  This  gives  a  diKusuon  of  the 
Houbolt  algontbm  and  Ref  11  provides  rstenuse 
details  which  are  gerraane  in  the  ptrseni  paper 

For  attached  flow .  the  P5U  i  an  he  generalitrd  as  a 
fuiKtioa  of  tlM  ipecirum  as 


0(U))  = 


1  e 


/CV’ 


where  K  repre.sent.s  an  attenuation  in  the  PSD  profile 
to  be  compliant  with  the  flow  medium.  K  is 
dependent  upon  the  properties  of  the  flow,  namely 

K  =  k'UV  (2) 


with  k'  to  be  defined.  Using  the  definition  of  rms 


pressure  {P)''  = 
(1).  there  results 


i: 


0(w)  du'  together  with  Eq. 


pV  ^  0(O)t/2 

<l 


where  normalisation  was  made  with  the  dynaiiuc 
pressure  [q  >  P(y  '2)M'!  based  on  boundary  layer 
edge  conditions.  Equations  (I)  and  (.3)  can  then  be 
written  as 


0(w)V'  ^  T) 

(/•7  ”  'l  * 


uhKh  th  rc^o^urtJ  is  the  fanuhai  fi>rnut  for 
ncprwnUn^  PSD  m  iKe  liicriCurc  The  vhif»vicn%tu' 
Icfljflh  i>  ^^rncralth  ihovn  ju  thv  U>fr 

iit\pl4vcnKnl  (hKknc&%.  vkhilc  iKc  ibariiicnvlu' 
vcliKil)  Kh  ihf  K'unJarN  Uher  c\i|:c  \4iuc  Tho  term 
k'  appcarcU  (o  ha\c  phvMval  intrrprrUiioo 
rrfffvnUng  kx)mprrvvif»lii>  anj  heal  lran\fcr  of  ihc 
fluiJ  mcOium  tRcf  iTtih  vha»  •  xcvnhcv^ucnxc 
the  iruyniiuvlc  *'f  ih**  PSt)  •  Ki*  Ur  U  > 

M/.ic.*  -  ajf)  It\»JLVhhovhntha(k'  -  ktl)  - 
and  rtftewnu  a  mctbiHi  of  uilonn^  the  ^pcKin 
prt>f)lc  in  icrrm  of  peak  ha)uc«  and  n^lUiff  vhith 
frci{ueiK>  The  cipt>oent  A  -  A(n.m)  ^aherr  n  and  m 
rq'fchcni  the  hcikhsit)  p^mcr  laxk  cijvment  and 
vtKOUh  p«arr  law  capiwtcnl.  rexpcvtivcly  THr 
parameter  P,  it  defined  KcIo'a  If  <3ne  v.on%idcn  (he 
low  fre^ucnv>  tm-  ♦  Ot  repime,  pvi  Kx<>me« 
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(^(w  -  0)V 
qH 


Solutions  are  obtained  using  correlations  developed 
for  the  overall  rms  pressure  for  attached  (References 
I,  11,  and  12)  and  separated  flows  (References  I,  2, 
3,  and  13). 

rms  Pressure  Predictions 

The  overall  rms  pn  ssure  for  attached  flows  is  given 
as 

iPlq)  =  0.(X)6/F^  (6) 


where  represents  the  heat  transfer  and 

compressibility  of  the  medium  and  is  expressed  as 


+  0.22r 

2 


(7) 


(Ref.  15)  compared  compression  comer  and  fm- 
generated  interactions  and  noted  that  the  rms  pressure 
peaks  for  the  latter  where  approximately  one-half  the 
levels  experienced  for  the  former  for  a  simitar 
approach  flow  and  similar  shock  strength.  The 
interactions  showed  a  strong  dependence  on  the 
intermittent  characteristics  that  included  the  inviscid 
pressure  rise,  peak  rms  pressure  rise,  pressure 
gradient,  and  spatial  extent  of  large  amplitude 
disturbances.  This  earlier  work  has  been 
corroborated  and/or  expanded  upon  in  a  series  of 
experiment',  performed  at  Mach  5  (Ref.  2). 

Laganelli  and  Wolfe  (Ref.  1  and  10)  attempted  an 
engineering  correlation  of  the  compression  comer  and 
fin-generated  interactions  for  the  intermittent  and 
plateau  regions  of  the  interaction.  The  objective  was 
to  use  known  characteristics  of  the  flow,  inparticular 
the  tnviscid  r-  cssure  nse  generated  by  the  2D  or  3D 
geometry  and  approach  flow  conditions.  A  modified 
invisctd  oblique  shock  angle  wa.s  introduced  that 
allowed  for  the  2D/3D  interactions  to  coalesce  in  the 
intermittent  region  and  is  given 


■p  -  a  *  ^  sin''  (1/Af) 


(9) 


wi  -'re 


and  for  adiabattc  flow  reduces  to 


J=unity@2D  interaciions((i'=/3j  (jo) 


(P/?)„„=0.006/[l+0.13A//l  W 


'/j  <{  <  1(®3D  interactions 


It  is  to  he  noted  that  arguments  have  been  made  on 
the  incompressible  (F,  =  unity)  value  of 

{Plq)i  0.006  due  to  gage  size  limitations. 


for  do  the  inviscid  oblique  shtK'k  angle  and  is  defined 

as 

=  u  -  sin  ‘  (1/Af,)  01) 


Solutions  for  rms  pressure  in  unattached  flow  have 
not  reached  'ht  level  as  tho.se  in  attached  Hows 
inasmuch  as  the  low  and  htgh  frequency  contributions 
due  to  the  mteractions  provides  fur  a  significant 
variation  in  power  intensity.  Figure  2  shows  typical 
results  of  a  compression  ramp  interaction  (Ref.  14) 
and  a  fin-generated  shock/tu'bulent  boundary  layer 
interaction  (Ref.  15).  It  i  noted  that  the  2D 
coinpre.ssion  comer  a.  d  the  3D  fin-generated 
interaction,  while  providing  similar  characteristics  of 
peaks  and  plalei.  i  els,  arc  inherently  different 
which  resulted  from  the  same  approach  flow.  Tr-n 


where  a  is  the  shtKk  generator  angle,  f  igure  .1 
shows  this  result  with  the  Mach  3  and  5  database  (as 
well  as  the  earlier  work  at  Mach  2  tRef.  16))  using 
(  «  0.6  for  the  3D  interactions.  The  inviscid 
oblique  pressure  rise  is  expressed  as 


ro  /p  1  _27A/Vin->-(7-l) 

\i  f  wUmaX - 1 - 

»  t  "c/  ♦  [ 
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and  the  approach  How  (noted  by  subsciipt  1)  rms 
pressure  is  dclincd  by  liq,  (6),  Attempts  to  coalesce 


the  data  with  Mach  number  using  the  similarity 
parameter  M  Sin  0  showed  vanant  results.  It  should 
be  noted  that  the  Mach  S  compression  ramp  data 
were  obtained  with  one  ramp  angle  (28°). 

While  the  data  shown  in  Figure  3  did  not  collapse, 
comparable  shock  generating  angles  (a  -  2C")  for 
Mach  3  and  5  show  the  normalized  peak  rms  pressure 
to  decrease  with  increasing  Mach  number. 
Moreover,  if  the  abscissa  is  normalized  by  M’,  the 
data  would  tend  to  coalesce  which  would  imply  that 
the  normalized  peak  rms  pressure  would  scale  with 
the  sin  0,  the  modified  inviscid  shock  angle.  This 
result  is  shown  in  Figure  4.  While  Eq.  (12)  suggests 
that  peak  rms  pressure  levels  would  increase  with 
Mach  number  tn  separated  How  regions  as  apposed 
to  asymptotic  levels  experienced  in  attached  flow,  the 
Mach  3  and  Mach  5  data  tended  to  coalesce  in 
individual  bands,  and  as  noted  above,  showed  a 
tendency  tn  decrease  with  Mach  number  (comparable 
shock  angles  of  20°). 

Dolling  (Ref.  2)  also  provided  fur  potential 
correlations  of  the  peak  rms  pressure  m  the 
mtertiuttent  region  as  devcioped  m  the  works  of 
Refeiences  13  and  17.  In  the  former  the  overall 
variance  in  peak  rm.s  pressure  in  terms  of  upstream 
and  downstream  pressure  fields  was  shown  to  be 
appruaimated  as 

(/o' /(iiP)5  ®  r/(i-r)  U3) 

where  (AP),  is  the  pressure  nse  across  the  separation 
sliiK'k  and  F  is  the  inlcmuiiency  Pie  nutimum  rms 
value  of  the  pressure  occurs  at  P  “  0,5.  Figure  5 
shows  this  inlereatuig  result  for  a  number  of 
shockfboundary  layer  interacting  gcoinelnes. 
However,  aa  noted  by  Dolling,  the  diflicully  of  using 
Eq.  (13)  aa  a  prediction  iKhniquc  is  that  (AP),  is 
usually  rwl  known  a  pnun .  In  the  work  of  Reference 
17,  the  peak  rma  pressure  wax  nutmaliied  wiih  free 
itream  preaaure  and  shown  ax  a  function  of  sweep 
angle  (i3,)  of  the  interaction  Figure  6  shows  this 
reaull.  From  an  engineering  prediction  point  ol 
view,  this  potential  correlalion  has  very  allraclive 
fcalurca.  However,  when  the  data  ol  Relctcncc  14 
(uoswepi  compression  ramp)  was  applied  to  Ihc 
correlation,  a  considerable  scalier  was  espcncnccd  as 
(ramp  loading  edge  angle  lo  ihe  approxch  flow) 
approached  zero.  When  the  swept  comer  data  of 


Tran  (Ref.  15)  was  applied  (24°  ramp  angle),  it 
appears  that  a  family  of  cun  s  mav  be  generated 
with  different  ramp  angles  that  could  be  subsequently 
developed  into  an  engineering  prediction  techiuque. 

The  above  has  essentially  addressed  rms  pressure 
predictions  for  peak  conditions  associated  with  the 
intermittent  region.  Correlations  have  been  presented 
by  Laganelli  and  Wolfe  (References  1  and  10)  for  the 
plateau  region.  Readers  interested  in  these  results  are 
referred  to  in  the  above  references. 

Power  Spectra  Predictinivi 

Prediction  techniques  fur  the  power  spectra  in 
attached  subsonic,  supersonic,  and  hypersonic  flows 
have  been  presented  by  Laganelli  et  al  (References  1, 
7,  8,  10,  and  1 1).  The  focus  m  this  paper  will  be  for 
prediction  techniques  associated  with  separation  flows 
(shock/turbulent  boundary  layer  interactions).  The 
very  early  work  in  this  area  was  conducted  by 
Robertson  (Ref.  18)  and  Cue  et  al  (Ref.  16)  which 
was  influenced  by  Space  Shuttle  requirements.  The 
work  was  conducted  at  Mach  number:.  <3.  It  is 
further  nu>ed  that  the.se  authors  conducted  a  senes  of 
transonic  flow  experiments  (References  19  through 
22)  on  cylinders  with  varying  fniiiul  shapes  and 
reported  rnvs  pres.sure  levels  commensurate  with 
compression  ramp  levels. 

Relative  to  power  speelra  predictions  in  sepamed 
flow  regions.  Robertson  (Ref.  18)  used  a  modified 
fo-m  of  the  Lowson  (Ref.  23)  technique  by  modifying 
exponents  to  til  ihe  limilcd  database  available  al  Ihc 
tune.  He  also  choose  normaliMtion  parameters  ol 
ihc  approieh  Mow  as  w«.  Ihe  prxilice  ot  allachcd 
flow  mscsilgalots  i.c.  freesiream  dynamic  picssurc 
and  velocity  and  boundary  layer  ihickncs.s.  C\>c  cl  al 
(Ret.  16)  represented  Ihcir  data  in  similar  ciH>rdinalc  , 
(or  the  power  spectra  and  dimensionless  frequency 
(Sliouhal  numberi,  bui  did  not  atlempl  any 
conelalions.  Kcchtien  (Ret.  24)  rc  exanuned  Ihc  data 
of  Reference  16  while  also  conducling  expetimeals  al 
Mach  2.  Several  characlenslic  disUnccx  were 
examined  to  coalesce  the  data  It  was  delermincd 
that  Oislancc  measured  behind  ihc  shsK'k  (to  the  shixk 
generator)  pio-.idcd  the  most  appropriate  length 
paran;elcr  lor  ticqucncy  scaling 

Msue  icscnlly  l,aganclli  and  Wolic  (Ret  llallcmpicd 
predictions  hasrd  on  approach  flow  and  augmcniing 
Ihe  spectra  with  oblique  shiK'k  rrlaliims.  Their  focus 
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was  in  the  frequency  regime  <  2000  Hz  where  Eq. 
(5)  could  be  used.  The  reason  for  this  limitation  was 
the  iiubility  to  obtain  the  rapid  roll-off  of  the  spectra 
in  interaction  flows  using  the  Houbolt  form  of  power 
spectra,  Eq.  (4)  for  example,  since  characteristic 
lengths  and  velocities  are  not  adequately  known. 
However,  the  authors  did  provide  for  a  reasonable 
engineering  solution  for  the  peak  (intermittent)  and 
plateau  levels  for  frequencies  <  2000  Hz.  Dolling 
et  al  (see  Ref.  2)  also  recognized  the  difficulty  in 
selecting  a  characteristic  length  of  the  various  flow 
interactions  studied  at  the  University  of  Texas  on  a 
number  of  shock  generating  geometries.  Of 
particular  interest  was  the  work  of  Reference  13  that 
considered  flow  interactions  with  cylinders  (both 
unswept  and  swept)  which  identified  the  intermittent 
region  length  (LJ  *s  a  firm  charactenstic  length. 
However,  he  cautions  on  the  use  of  the  freestream 
velocity  when  non-dimensionalizing  the  frequency. 
Moreover,  it  was  further  noted  that  use  of  the 
intermittent  region  length  is  not  practical  since  it  is 
not  known  a  priori.  On  the  other  hand,  the  Mach  S 
results  from  Reference  13  showed  that  L,/D  =>  0  8 
for  separation  sweepback  less  than  30°,  and  between 
30°  and  60°,  E./D  increases  linearly  with  about 
I.ISD  (here  D  is  the  cylinder  decimeter).  Finally, 
Dolling  el  al  have  chosen  to  represent  the  power 

spectra  in  a  non-dimensional  format  as  f.d(f)/(A)^  a.- 
a  function  of  dimensional  frequency  or  non- 
dimensional  frequency  (Struuhal),  as  well  as  other 
graphical  repreaenlalion  of  the  spectra,  which  will  lie 
further  discussed  below. 

rirat  Mumtnl  RcnnstnUliun  of  the  Power  Sowlra 

As  a  result  of  the  difficulty  ol  determining  the 
charactenstic  lengths  and  velocities  of  flow 
interactions  (separated  flow),  other  techniques  have 
been  sought  that  may  provide  engineering  level 
solutioits.  These  techniques  are  nvire  germane  to 
interacting  flows  for  strategic  and  tactical  taircrall 
and  missile)  weapon  sy'  .enu  where  shiak  generating 
angles,  shrxk  strength,  and  complex  geometries 
render  choices  of  chara-  tensiic  lengths  and  vcUki'ics 
as  Mitually  imDossihIc,  even  with  the  most 
sophisticated  CFD  lechruques. 


where 

f  =  4  k'f/V 

Figure  7  shows  the  results  of  Eq.  (14)  wAh  f  as  a 
parameter.  Data  from  several  sources  are  also 
provided.  It  is  noted  that  increastig  values  of  f  tend 
toward  the  flow  regimes  where  interactions  (Kcur 
(i.e.  short  time)  while  decreasing  values  of  f  occur 
for  flow  with  long  residence  time  for  vorticity  as 
experienced  in  attached  flows.  Moreover,  the  roll-off 
that  is  shown  for  the  attached  flow  cases  occur  at  low 
frequencies  (u6*/U,  <  0.2)  and  do  not  contribute 
significantly  to  the  energy  intensity  i.e.  the  rms 
pressure  thus  rending  the  use  of  the  Houbolt  spectra 
as  a  potential  engineenng  tool  for  altached  and 
separated  flows.  It  should  be  noted  that  a  number  of 
expenments  from  various  subsonic,  transonic, 
supersonic,  and  hypersonic  facilities  follow  the  trend 
shown  in  Figure  7  for  both  attached  and  separated 
flows.  However,  one  is  still  left  with  the  dilemma  of 
knowing  the  value  of  f  (i.e.,  characteristic  lengths 
and  velocities). 

Another  interesting  aspect  of  the  Houbolt  spectra  is 
when  the  PSD  is  normalized  m  a  first  moment  type 
representation  as  suggested  by  Black  (Ref.  25)  as 
well  as  Houbolt  and  employed  in  the  attached  flow 
supersonic/hypei. sonic  expenments  of  Laganelli  and 
Howe  (Ref.  11).  With  consideration  to  the  definition 
of  the  rms  pressure  i.e. 

p’*|  d)(w)t/w  =  |  'd)(u))<yw  +  j  d)(w)Jw,  the 

second  integial  is  a  higher  order  term  for  frequency 
>20Kllz.  If  one  considers  a  change  in  variable  dz 

“  du/u  then  /^^  =  |  u)  <i>  (ui)  dz  which 
suggc.sis 


/'  d)  (/■) 

=  tunciion 

(/'ll,)’ 


(16) 


With  coiuideratioo  to  the  Houbolt  form  of  tlie  |k>wci 
spectra,  namely  Eq.  (4).  we  i  in  write 


J,'eral  characterislic  vcltKitics  and  lengths  were 
suggested  by  Black  and  Houbolt  for  attached  flow 
conditions.  However  when  Eq.  (I4)  is  structured 


10-7 


into  the  first  momeot  format  a  very  interesting 
characteristic  of  the  spectra  evolves  i.e. 

umPoAiH 


where  the  left  side  of  Eq.  (17)  has  a  peak  value  for 
all  values  ^  This  implies  that  the  first  moment  has  a 
unique  value  for  all  flow  conditions  attached  and 
separated,  when  using  the  Houbolt  spectra.  This 
phenomena  is  shown  in  Figure  8.  Also  shown  are 
incompressible  and  compressible  data  for  attached 
flow  conditions  as  well  as  peak  values  from  a  number 
of  experiments  from  shock/turbulent  boundary  layer 
interaction  experiments  that  include  ramps  (with 
swept  comers),  cylinders  (swept/unswept),  and  fin- 
generated  interactions.  The  attached  flow  data  show 
a  trend  to  the  expression  given  by  Eq.  (17)  while  the 
unattached  flow  provide  for  peak  conditions  at  the 

predicted  value  of  /.0(/)/(Pg^)^=O.318. 
.Moreover  the  shape  of  the  interaction  flow  conditions 
is  different  than  that  of  the  attached  flow  conditions 
(see  insert  from  Ref.  13  for  the  various  shock 
generating  geometries).  Again  one  has  the  dilemma 
of  knowing  the  frequency  where  the  peak  first 
moment  occurs  that  requires  a  knowledge  of  the 
characteristic  lengths  and  velocities. 

RESULTS 

If  one  is  given  a  PSD  distribution  for  any  flow 

condition,  the  subsequent  overall  rms  pressure 
can  be  obtained  by  the  usual  integration  process.  A 
value  of  the  peak  PSD.  ^(1^.  can  be  selected  as  well 
as  a  peak  frequency,  f,.  Using  Eq.  (14)  for  the 
condition  (x'/2)^  fT  <  <  1,  where  peak  conditions 
occur  by  the  Houbolt  spectra,  together  with  the 
condition  that 

(»») 


an  iterative  process  can  be  established  for  the  correct 
wlected  c  allies  of  f^  and  ^f^.  Equation  (14)  con 
then  be  expressed  as 


(19) 


Figure  9  shows  the  result  of  the  engineering 
prediction  technique  of  Eq.  (19).  Both  attached  and 
shock/turbulent  boundary  layer  interactions  are  shown 
to  provide  a  good  fit  to  the  dau  for  a  compression 
ramp  as  well  as  a  fin-generated  shock.  Similar 
results  have  been  obtained  for  subsonic,  supersonic, 
and  hypersonic  attached  flows  as  well  as  other 
shock/turbulent  boundary  layer  interaction  flows. 

The  above  represents  a  technique  that  can  be  used  for 
engineenng  prediction  of  the  power  spectra  of 
arbitrary  flow  conditions.  The  key  is  in  the  selection 
of  ^(fp).  Correlations  are  available  for  the  overall 
rms  pressure  as  discussed  within.  The  two  conditions 
combined  together  with  Eq.  (18)  provides  for  a 
definition  of  the  peak  frequency.  The  technique  does 
not  require  knowledge  of  the  characteristic  lengths  or 
velocities.  The  methodology  is  a  fall-out  of  the 
Houbolt  spectral  distribution  which  was  developed 
from  attached  flow  characteristics. 
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Figure  1.  Space  transportation  system  with 
flow  interactions 


mure  2.  Normalized  ims  pressure  distribution 
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shock  strength 


10-10 


Trend  for  M  s  3  Database/ 


Trend  for  Mach  5 
Database 


1.0 


0.9 

0.8 

0.7 

qT 

<3  0.6 

i 

'C  0.4 
0.2 
0.2 
0,1 


0  0  . . 1 - —  I - ■  1 

0  10  20  JO  40  50  60 


Fisure  5.  Normalized  peak  rms  pressure  with  pressure 
rise  across  separation  shock  (Ref.  13) 
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nguic  3.  Coirdation  of  peak  mu  pressure  with 
modined  oblique  shock  relatioaship 
(Ref.  1) 
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ngurc  4.  Correlation  of  peak  mu  prenure  with 
modined  invisdd  shock  angle  (Ref.  I) 


riguTC  6.  Normaliwd  peak  mu  pressure  with  sweep  angle 
for  2D  and  3D  interactions 
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Fisurc  9.  Comparuon  of  the  PSD  prediction  technique 
to  2D(i)  and  3D(b)  interactions 
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1.  SUMMARY 

<  Iwlv  Kpaiji.il  twin  jrl  aiivtalt  ha»<r  bwn  known  l<*  be 

c'  plibk'  to  afleiid  attiKtufd  (tanune  Joe  to  the  hinh  mnntl 
|i[<>Mir<'  b  vrU  imtilinn  fiotn  twin  jet  jeieeeh.  An  initial 

<  nwiie*  tin*  wutkatattun  tool  to  ptedKt  the  otenttence  of 

li.  iiltiniately  allowm*  the-  tloinn  of  eonhnnrationa 
wIikIi  will  not  mult  in  wfe<-<.li.  i»  pte»ente<l  here.  The 
nio<lel  haK  been  developed  in  a  modnlai  fashion  to  faci&tate 
npKtaden.  The  impleinentalion  laho  adeantaite  of  a  luapli- 
i<  d  inteifao.'.  yieklin*  pretiktions  of  Kreeeh  amplilade  «et- 
Mii>  (reipieney  within  a  few  areoikUonee  the  initial  fkiwhekl 
t-  <le(itnd.  riie  fool  physkaUy  baaetl  moUnkt)  in  the  code, 
lot  the  instability  wave*,  shoek-vottex  interaction.  aco«»tic 
Ixelback  and  teceptivity.  ate  based  on  analytical,  exnupw* 
t.ilion.d  and  e.tperiinental  research.  Preliiiiinaty  resnil*  (or 
.’-D  jets  illtottate  the  elTeet*  fteestteam  .Mach  nninbet  and 
shear  layer  xrowth  rate  have  on  the  screech  ampUtnde*  and 
ttevpiency. 

2.  INTRODUCTION 

t'litteiilly  I.>.\F  F-I'j  aircraft  are  flyin*  withont  external 
norrie  naio.  due  to  the  continuotis  strectnral  fatixae  experi¬ 
enced  by  the  flaps  and  the  cost  of  teoUcin*  them.  .Mthonxh 
the  aft  rexion  of  the  aircraft  is  known  to  expenence  hi^h 
.lerody  naiiiic  loads  <lue  to  mas-sive  .-nsteady  flow  separa¬ 
tion;  there  IS  evidence  that  s».vete  a<o'.'ts  loads  contribute 
to  the  olisetved  structural  da-aane.  1  hes«  acottstK  loads  ate 
attributed  to  a  phenomenon  known  as  j<.t  scree*  b  “e  r-eeh 
is  vs.senti.dly  a  resonance  fecdivw.k  loop  in  tb*.  yet  flowhekl 
that  can  .set  up  Itetwcen  the  norrie  Lp  amt  the-  jet  shock 
cells.  It  IS  most  s*:verc  fot  imdium  spaced  twin  jet  aircraft 
and  can  occur  durin*  .si.lisonic  flight  with  a  non-perfectly 
exp.iudcd  suiH-rsouic  jet-  Scrcceli  has  Ineii  incastircd  at  lev¬ 
els  of  I'il'dU;  luKh  eiioiish  to  exceed  the  fatixue  failure  limit 
fot  met,dlic  .urcraft  structures.' 

Otlici  lucdiuiti  spaced  twin-jet  aircraft,  such  as  the  B-1.  the 
lotnade>  and  the  tl.\  have  the  potential  to  be  adversely 


affected  by  norrie  screech.  Fot  these  aircraft.  t*moviiix  the 
e.xtetnal  neMcle  flap*  may  not  be  an  aeceplabl*:  solution,  l  ot 
example,  removal  of  the  norrie  external  fla|<s  on  the  B-IU 
would  increase  the  iMrrrIe  dtax  by  a»  moeb  as  .1.’  counts  over 
th*  Maeli  nunlw't  range  of  to  1  his  increase  in  diag 
results  in  aWJnm  decrease  in  range,  whsb  c>  unaceeplable 
lot  a  sttalegK  bomber. 

A  metbodioloxy  to  predict  th*.-  oecutience  >A  a*  Kalynaini- 
cally  induced  jet  sclc-ech.  ultimately  allowing  th*  •bsign  of 
(onhx*tati»ws  whkh  will  not  result  in  sereech.  is  leepiireel. 
I'ntil  now  ntudels  of  the  screech  feedlssc k  loop  have  focussed 
on  the  ptedictiDn  of  the  screech  fte*|ue'Dcy  only,  t  hus  the 
arapiilwie  of  seteecb.  iadkatinx  the  extent  of  pjesible  dam- 
axe  to  the  auetaft.  has  not  been  ptevioosly  |>tedi>.ted.  Ibe 
model  despcribed  here  ha*  been  develo|*d  to  pt*di>  I  the  am- 
piitmle  as  well  a*  the  ltee|uency  of  s*.ree«.h.  I  he  in*  lls»t  is 
an  analytical  model  based  on  results  from  analytKal.  e*.>ni- 
putalkmal  and  experimental  research.  It  e>  alesign**!  to  run 
in  a  few  seeonds  on  an  engineetinx  workstation  such  that 
it  can  In-  msed  by  a  aocile  design  engineer.  'I  he  nssU  in- 
cotpotales  a  (.’omputational  Fluid  Dynamks.  t.'I  D.  input 
mterface  and  a  graphical  analysis  capabihly.  .\  •les*.  rip- 
tiun  of  the  wothstalkm  model  as  well  as  an  e-Camid*  ol  th* 
screech  ptediclion  results  lot  a  given  noc/le  flowhe-hl  will  t*. 
ptesente*!  la  ihm  paper. 


5.  PHYSICS  or  SCREECH 

.\  screech  tesonanee  fr-*dhach  loop  can  s*.l  up  at  sulpt-jiiK 
flight  Mach  numbers  with  on  imperfectly  e.x|ian*Je'*l  super- 
soiuc  jet  or  y'-ts  as  iUnsttated  in  Figure  1.  la'tabilily  wav.-s 
inherently  present  in  the  shear  layer  of  the  y*  t  i>luni*.  in¬ 
crease  in  amplitucle  while  traveling  downstream  by  exliaet- 
ing  energy  from  the  mean  flow.  These  instability  waves  then 
mlerart  with  ea>:h  of  the  shock  cells  in  the  jet,  .\c<ju.«li*. 
waves  are  ptedueed  at  e  aeh  shock  ceU.  whjcli  can  I'tolMgalc 
upstream  tejwaid  the  norrle  trailing  edge.  The  speeltuiii  of 
acouslK  waves  at  the  norrle  bp  is  therefore  dep.n'Jeni  on 


Presmifd  a!  a  Symposium  on  'Impacl  of  Acoustic  Loads  cm  Aircraft  Structnrrs'  held  irt  Ullehartmter.  Nonvay.  May  1994. 
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l  iKHIc  1:  [wKwk  loop. 


ill*  ■iitiplitiKl*'.  rrii|U<.ii».>  and  phaM  of  lli*  aioa^tK  wav*^ 
pto<lii<.<.<l  al  •  atli  of  ^ho*. k  cclL- and  tbr  >afnmatv>F  of 

(Ikv.  «v.i\<'k  at  th<r  n*’//!*-  lip.  Th*'  •:n<iR.v  from  .  •ualk 
wav*.!,  ij«  ltan>f*.-if*-d  in  pail  inj>tal>ililv  wav-  •  noxak' 

lij>  iIiioukIi  iho  proc<'i«o  known  a>  ntopiivi’i  ;  •  adiufi  on 
111*,  ainplitii*!*'  of  th*.  ii'wlj  *.x*.it*.'*l  w.'  .MnuBto  may 
Im  pro*lii*  *.*1. 

.■'<  I'll  li  .u>  iMiplK.'il  alio'*.'.  iKilti**  .1  f>>  intiM.»iJ*rl>  dominated 
iii.'laliiliit  waM>  mail*.'  iKjMnnlc  l>y  th*  inHeetion  point  in 
111*.  >li'.ar  lay  I  lielwecn  ih*  j».l  and  th*.  fieriifcam.  Inotbcl 
'Void.'.  Il  i."  <liiv*.n  tiy  a  'iflvin  Heimholt/  tt(>*' in>i ability  ol 
111*  >li*ai  l.i.vei.  '1  h*.  in>laliilily  of  Ibt  »h*.ai  layet  abo  le- 
.'iili.'  Ill  111*,  ptoiliic'ion  of  luibuku'e  whieh  t*  t*»pon»il>le  tot 
Ihv  olli*.i  two.tyt>e»  of  noi**.  awocUte'd  wilh  a  jet.  jet  mix- 
iiiK  iioL'*  ami  I'loadliand  »tKK’k  arcoeiated  noire  Jet  mixini; 
noiio..  ptv>*.iil  in  both  siibronic  and  nupetronk  jet».  tennlta 
from  111*,  liitbiiknl  mUiiiK  of  the  jet  with  the  fieestrearo. 
ilioadbaiid  rhock  arreieiated  noise,  present  in  snpetsonk 
Jet.',  is  -j;*.  neiated  In  the  interactioo  ol  tuibnlenee  with  the 
j<  t  .'li*xk  eelf.'.  fi'ere'eeh  is  distiniruisheef  bom  the  broadband 
slioek  noise'  by  the  fact  that  the  aeonstie  waves  produced 
111  'll*,  interaction  IxUveen  a  ivarlkular  instability  wave  and 
r.c  shock  cell  ultimately  act  to  increase  the  instability  wave 
•I  iii<liliide  al  the  norrie  lip.  thus  seltinii;  up  the  resonance 
.oop.  1  iKUre  illusttales  lypKal  sound  prcssuie  leveb  for  jet 
iiii.eini:  noise,  broadband  sho*;k  aseociatc'l  none  and  screech. 
Note  lliat  .'creceh  is  chaiaeterued  by  the  single  ftcv|neiKy 
spike  having  suiniheanlly  greater  ampbtude  than  either  the 
iiu.MiiK  iioL'e  or  the  hristdl>an*l  shock  a'sesialesl  noise.  Due 
111  tin  ditferent  iiiecliaiiL'iii  and  sulstaulially  hixher  aropb- 
uul* s  of  screech  as  eomiMrcel  to  brisaiiband  noise.  bro4*l- 
ImikI  foriuiil.us  cannot  I'-  iimiI  to  picelKl  sci**,*!i  aiiiphtude. 

Hie  lime  .iveraiicel  picture  of  a  jel  in  screech  mcsle  v.iJI 
e.eliibit  the  ty  pical  diamond  .shock  ['allerns  of  imiierlectly 
I  \p.iiiiled  jets,  llo'vever  'ie'veel  in  tune,  a  jet  in  sele*.c}i 


riniire  Power  sjieetiaJ  densities  for  j*.'t  iii'sinK  not-*.', 
broadband  shock  associated  noise  and  s* nreh 


IS  cbaradeiueil  by  a  diamattc  unsleady  motion.  1  he  iii'x 
tkn  driven  by  lb*,  instability  mode,  is  ekpeiidc nt  on  the 
shajie  ol  the  noark  e-eil  area,  the-  fully  *..\|ianil*.el  y.i  .Mach 
number  and  the-  mi/al*.'  pressure  ratio,  lor  i.eampk  MiiiUe 
axisymnvetric  jets  and  low  asiieel  talk  i*.el4m(ul.u  jets  *..\- 
hibit  helkal  ami/ot  toroidal  raolkns  dej<en<liuK  on  the  billy 
expamkel  Maeb  nural'er  and  no/ak  pre'ssiiic  ralmol  ihejet. 
ilktotkally.  the  mock  ty|>*.s  have  lieen  d*.si>tnal**l  .\1.  .\'J. 
U.  C  atKl  D  as  iOnstrated  in  Fixuie  .1  boiii  Notum*.  loi  an 
axisymiiKlrk  ye'-  'iw  totvkial  spa*.i4]  sitm  tuie  is  chaiael*'!' 
iaed  by  shorter  waveknsth  and  thus  hixlnt  fi*.i|uencK>  and 
would  be  teptesenle'd  In  th*-  ‘.X'  lalieb  in  1  ixiip.-  t.  1  Im  Is.' 
Ikal  spatial  structnie  p  chatactetiaeil  by  loniter  watekniclh. 
lower  ftevioency.  waves.  In  fi)(uie  ■}  this  s|>ac>al  m*j*k  wonlii 
be  tepresenied  by  ih*-  'B'  lyj*;  mcsle.  In  general  ib*.-  holsal 
mode  results  in  Ibe  hrrjHsI  sctee-ch  ainphtudes.  In  a  siinilal 
manner,  sinjfjc  J-U  jets  and  hixh  asje.el  ratio  rectanKuIat 
jets  e.\iubit  a  Bappinn  motkn.  driven  by  the  autisv  tniiKtik 
mode,  and  can  abo  exhibit  a  syninieltK  imsle.  I  kn*. rally 
the  Bappinx  mode  is  dominanl  for  the  J-D  jel  at  lyiucal 
opetatmx  conditkns. 

The  amplilude  of  sete-v.eh  (or  twin  jets  has  been  sliown  to  be- 
consideraHy  xiealer  than  that  for  sinxk  jets.  .\n  e.eampk 
•  if  ihas  is  shown  in  Fij^nre  I  from  Walker’',  where  th*-  twin 
j'.t  dU  kvel  for  iksiirn  .Ma*h  1.1  a-eisymnieliic  jets  shnhlly 
umktcxpamleii  is  over  lndB  greater  than  that  lot  a  singk' 
j*i  The  d^tane*  tielween  the  twin  j*.ls  lois  a  Mcuifieanl 
impart  on  the  magnitude  of  jet  sctc'eh.  I  h"  most  i-.eien-sivi 
jel  couptng  and  thus  the  greatest  s*iund  pressure  l*  vek  ha'e 


I'iKUrc  ■);  btrwtli  itiotks  for  an  axlsynmicttk  »oiik; 


la.'.n  mvasutoU  for  iiiorlorat'.ly  .spatcrl  jtls.  approximately 
two  jot  ili.iiiiolors  apart. Jets  clo>cr  or  fartlior  apart  «lo 
not  o.xliiliil  tliv  oxtoiifivo  oouplinR  ami  thus  don’t  produce 
amplitude  imicli  greater  than  those  of  a  .Miigle  jet.  The 
seteeth  aiiii>litude  resulting  from  the  twin  jet  coupling  Ls 
l)elieved  to  contribute  to  the  structural  damage  of  the  noaale 
c.xtcrnid  lla|>s  on  the  t'-l-i. 

As  uoteil  aliove.  jet  e.xit  cross  sectional  geometry,  fully  e.x- 
paiulcil  jet  Mach  number,  nozzle  pres.sure  ratio  and  tsvin 
jet  sei'aration  distance  can  have  a  significant  impact  on  the 
amplitude  of  screech.  Other  physical  factons  that  have  an 
inlluence  include  jet  temperature,  freestteam  Mach  iiuiiibet 
and  shear  layer  growth  rate.  In  addition,  modeling  assump¬ 
tions.  regarding  whether  the  instability  wave  phase  si>eed  is 
a.ssumevl  to  be  constant  or  allowerl  to  vary,  have  proven  im¬ 
portant.  The  effects  of  freestream  Mach  nuiiiber  and  shear 
layer  growth  rate  will  be  discus.sed  in  this  pa|>et. 

.\li  hough  it  is  possible  to  analyze  a  idume  flowlield  for 
screech  prcxliction  using  the  full  unsteaely  .Naviet  f>tokes 
emulations  on  a  computational  grid',  it  h-  currently  imprac- 
tic;d  as  a  design  tool.  'I'o  resolve  the  acoustic  jireessutes. 
which  is  necessary  lor  the  pre-diction  of  screxch.  the  <Iensity 
of  the  computational  grid  reipiited  is  several  limes  greater 
than  that  teeiuirvd  for  a  mote  commonly  tun  <.'1  D  solution, 
tun  for  the  prediction  of  aetodynaiiiic  forces.  Specifically, 
the-  ratio  of  the-  acoustic  pressure  to  mean  pressure  at  a 
1  UP d  13  1’ L  Is  only  Ul~\  If  the-  computational  grid  is  not 
line-  enough,  the-  eliscre-tization.  or  truiicatiou  errors  elite  to 
the  grill  will  overshadow  the-  i>hysic<d  acoustic  luessute  level. 
1  his  high  grid  density  re-iputeme-iu  results  in  tun  tirnc-s  anel 


Figure  -I:  Single-  vs  twin  jet  sound  pre-ssitre  levels. 


memory  allocations  which  ate-  ptohil'ilive  for  use-  us  a  de¬ 
sign  tool.  Even  t.’ray  run  time-s  for  soliitions  on  simplllie-el 
configurations  rcxpiite  on  the  orele-t  of  Cl’V  elays.'  Thus  a 
simplified  model  wliieli  repre-sents  the-  I'liysics  of  the  .seree-eh 
mc-chanisni  is  retptired  for  design  juttpose-s. 

4.  WORKSTATION  ANALYSIS  TOOL 

The  .seteeeh  moele-1  Is  an  analytical  model  ba-sc-d  on  the-  re¬ 
sults  from  analytical,  computatiomd  and  cxperiiitc-ntiU  re¬ 
search.  The  screech  prediction  code,  as  illustrated  in  Fig¬ 
ure  a.  is  designed  to  tun  within  a  few  secoitds  on  an  en¬ 
gineering  workstation  once  the  flowfteld  has  Ixx-ii  de-lineel. 
T  he  input  to  the  code-  is  a  CFD  solution  ot  the-  je-t-on  air¬ 
craft  all  end.  I.'sing  information  from  the  (.'FD  solution  as 
dc-sciibed  ftittliei  below,  the- code  proceeds  through  the  four 
meidulc-s  of  the  cexle.  eacli  representing  one  component  of  llic 
screes.h  iiieehanlsm.  I  he-  moelules  complete  tlie-  calculation 
of  the  instability  wavc-s.  the  shock-vortex  iiiteraetioii.  tlie 
aeoustie  feedback,  anel  the-  receptivity.  'Hie  coele's  l>rimaiy 
output  are-  the-  screech  fienucncy  and  amplituele.  The-  eoete- 
lias  Ixen  written  in  a  modular  structure  to  tiUow  each  moel- 
ule  to  be  easily  upgraded  as  re-seareh  in  each  eomponenl  ol 
the  mechanism  jirogre-.s-ses.  The  inoeliilarity  also  faeililates 
sensitivity-  stuelie-s  to  determine  tlie-  itnj'act  of  one-  moelule- 
on  the  pteelictions. 


The  entire-  code-  is  run  vvitliin  a  giai’liieaJ  interface-  jireiviel- 
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in;;  visual  infoniialion  K-laUnif  (lit  iuj>ut  (,1'D  (lowficW  to 
lilt  outimt  anipliltitlt  vs,  frciiiiciicy  plots,  a.s  wtU  a.s  al- 
iuwiii)i  a  iisti  less  faiiiiJiai  with  Ur-  scrtctli  process  to  tun 
llic  coilt.  .\li  iilusl ration  of  the  screen  rllsplay  is  shown  in 
l''i,i;iiie  Ij.  A  llowfieUl  till  can  be  cntcrcxl  as  shown 
on  the  toji  left  cornet  of  the  screen,  rroin  the  menu,  var¬ 
ious  inforniatiou  about  the  Cl'D  solution  is  entetetl.  For 
example.  Using  the  je't  eommaiKl.  the  jet  e.xit  Math  num¬ 
ber.  pressure  anti  temiieraturc  are  specifietl  as  well  as  tlic 
shear  layer  thickness  at  the  nozzle  li)>  and  the  shear  layer 
giowlli  rate.  Isiiig  the  cut  command,  the  jet  shock  cell 
si'acing  aiul  shock  ptesstue  jumps  arc  specified,  .\ftct  the 
Itowlield  is  defined,  the  fre<iucucy  command  Ls  used.  ,\s  an 
eas.t  reference  iioint,  the  Ttuii  option  Is  chosen  wliich  esti- 
m  Ues  the  screech  tone  fre<niency  using  a  formula  from  Tain. 
Feiner  and  Vti* .  The  sirreacl  command  is  used  to  generate 
a  fist  of  analysis  fre<nieucies  aliout  and  including  the  esti- 
iiiated  fieiiuenty.  Once  the  analysis  fresjuencies  have  been 
delined  the  iterate'  command  Is  selected  from  the  menu, 
for  each  fre<iueiicy,  the  workstation  tool  progresses  through 
the  four  modules  to  determine  whether  or  not  the  partic¬ 
ular  frcsiiRiicy  instability  wave  Is  amplified.  The  resulting 
output  of  the  code,  viewed  by  choosing  the  itlot  command, 
yields  an  xy  plot  of  amplitude  vs  freciuency  in  one  of  the 
windows  .selected  on  the  screen,  as  shown  in  figure  6.  If 
desired  all  four  window  sections  can  be  tised  to  jilot  elata 
comparing  various  runs  of  the  code.  Each  of  the  modules 
are  described  in  further  detail  below  anel  some  restilts  for  a 
sample  aft  end  How  field  are  given. 

4.1  Itistability  Module 

.\s  noted  ill  the  inltodiielion,  previous  modcLs  of  screexh 
have  focussed  on  ptedieting  the  treipieney  of  seieceh  only. 
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'file  method  employed  here  predicts  freiiiieiiey  and  .also 
tracEs  the  growth  rale  and  amplitude  of  the  itistability  wave. 
In  addition,  a  constant  iiha.se  speed  is  not  a.ssiiiiied  in  this 
work,  whkii  can  liirii  out  to  have  a  sigiiilicajil  elleel  de¬ 
pending  on  the  ]iarticiilar  jet  llowlield  eondilioiis. 

It  is  important  to  recognize  that  as  a  disliitbance  of  li.ced 
physicid  frcsiuciicy  convects  downstream  in  the  jet.  the  local 
shear  layer  tliiekness  iiietenses.  This  eiiarige  in  the  llowlield 
eharaclciistics  results  in  a  eliaiige  in  tlie  disturbance  jiro|v 
agation.  i.e.  phase  speed  and  growth  rate  of  the  iiistabUity 
wave.  Since  the  tllsUttbaiice  propagation  Is  modeled  locally 
at  successive  downstream  locations,  it  is  iiee'essary  to  com,- 
putc  a  wide  range  of  solutions  just  to  model  the  jiropaga- 
tionofonc  pliysical  instability  fie<iiieJicy.  Using  drmeji.sio]iaJ 
analysis,  it  is  ]iossible  to  define  a  locally  scaled  dimension¬ 
less  £re<iuetiey  range,  sealed  by  shear  layer  thickness  and 
shock  cell  sjiacing,  that  characterizes  all  imjiortanl  pli.i  sical 
disturbances.  In  all.  approximately  iUO  serded  fiecuiericies ■ 
must  be  analyzed  to  give  a  reasonable  eliaraetcrization  of  <1 
stability  mode  for  a  given  jet.  However,  once  the  stability 
mode  is  characterized,  the  phase  .sjieed  and  growlli  of  any 
instability  wave  as  it  eonveets  downstream  is  known  for  tlie 
given  jet. 

'fhe  code  u.sed  to  ]>rcdiet  the  disturbance  propagation  is  the 
spectral  based  version  of  the  Linearized  fitalrUity  .kmdysls 
code,  Ll.SzV,  developed  by  Flow  Dynamics  Corporation  un¬ 
der  the  guidance  of  Dr.  Tliorwald  Herbert,  'liie  code  u.ses 
a  parallel  linearized  compressible  How  ciiualion,  analogous 
to  the  incompressible  partiUel  How  Otr-fommerfeld  formula¬ 
tion.  'I'o  complete  a  sealed  frcriucncy  sweep,  with  the  spec¬ 
tral  version  of  the  LISA  coile,  appto.'dmatcly  k  hours  on  an 
Indigo  Silicon  Craiihies  workstation  are  respiired.  Since  this 
is  a  prolubitivc  amount  of  lime,  if  the  workstation  tool  Is  to 
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be  fof  ii  neural  network  lias  been  developeil  to 

represent  the  results  of  the  LISA  code  lor  a  chess  of  jets,  for 
example  either  '.’-D  or  axisvmmetric.  In  the  I'tesent  work, 
the  tietwork  has  been  comi'leted  for  '.’-D  jets.  The  neural 
network  has  been  dcvelojierl  bv  McDonnell  Douglas  and  is 
based  on  the  ideas  in  three  articles  written  by  Caudill’'*®-". 
It  includes  five  parameters  in  addition  to  the  scided  fre- 
tpiency.  They  are  frwstream  Mach  number,  nozzle  iitessure 
ratio  or  fully  exi'anded  jet  Mach  number,  wake  ampblude. 
the  ratio  of  jet  to  freestream  temi>crature  ami  dimension¬ 
less  shear  layer  thickness.  To  train  the  network  live  to  eight 
data  points  are  rerpiired  lot  each  parameter,  and  -11  of  the 
■JOl  scaled  fte<juencies  tun  in  LISA  are  selected  to  accurately 
deline  the  elfect  of  scaled  fre<|uency  tor  one  set  of  itaram- 
eters.  In  fact,  this  results  in  .^'X'll  LISA  data  points  to 
rlevelop  the  netiral  network  for  one  cla.ss  of  jets.  This  turns 
out  to  be  a  non-trivial  application  of  the  neural  network, 
since  the  limit  of  data  that  a  network  can  currently  handle 
is  clo.se  to  this  number.  The  neural  network  allows  theetd- 
culation  of  instability  wave  amplification  for  an  entire  sweep 
of  physical  frerptencies.  re[>resented  by  setded  Irerpiencies  in 
the  network,  in  less  than  a  .second  on  a  workstation,  instead 
of  the  hours  that  wouki  be  re<iuired  if  the  linear  stability 
analysis  it.self  were  I'erformed. 

4.2  Sheiek-Voi-tc'x  Interaction  Module 

I'levious  models  of  the  shock-vortex  interaction  have  a|i- 
pro.ximated  the  jet  shock  structure  as  having  e<iually  spacexl 
shock  cells  from  the  nozzle  exit  to  an  infinite  rlistance  down¬ 
stream.  bince  the  jet  shock  cell  pattern  dissii>ates  with  dhs- 
tance  downstream,  cell  si'acing  is  not  constant  in  an  actmd 
jet.  In  fact,  the  dLs.sipation  suggests  that  only  the  first  sev¬ 
eral  shock  cells  wouh.l  restdt  in  a  signilicanl  shock-vortex 
interaction,  l-'igure  T  from  Kicc  and  Taghavi"  illustrate 
the  acoustic  sources  from  a  convergent  rectangular  nozzle 
with  a  fully  expanded  .Mach  number  of  l.  l  l.  As  shown,  the 
largest  interact  ions  and  therefore  noi.se  sources  are  protlucexl 
just  downstream  of  the  and  shock  cells,  'rherefore 
it  seems  desiralile  to  model  the  shock-vortex  interaction  lo- 
c.illy  at  the  strongest  upstream-most  shock  cells.  .Modeling 
the  shock-vortex  interaction  separately  at  each  shock  cell 
appears  to  be  an  attractive  .-dternative  to  earher  approaches. 
As  a  first  aj'pro.ximation.  the  shear  layer  in  this  module  can 
be  representevl  .as  a  zero  thickne.ss  vortex  sheet  since  the 
shear  layer  is  thin  relative  to  the  wavelength  of  the  relevant 
disturbances,  .Note  however  that  the  prediction  of  the  in- 
slabditt  wave  growth  rate  and  pro|'agation  speed  from  the 
Instalidily  Wave  .Module  is  based  on  a  finite  thickness  shear 
l.iyer.  1  bus  the  results  from  the  finite  thickness  shear  layer 
iii  the  Instabihty  Wave  .Module  are  used  to  define  the  ampli¬ 
tude  .md  ph.use  of  the  instabihty  mode  in  the  vortex  sheet 
of  the  Shock- Vortex  Interaction  .Module.  L'inally.  the  jet 
IS  a.ssuineel  to  be  shghtly  imiierlectly  exieautled  such  that 
shock  cell  pressure  jumps  can  be  modeleel  hnearly.  With 
these  .i.-sumptions  it  is  possible  to  model  the  shock-vortex 
inlet. u  ii'jn  in  elos.-d  lorin.  1  he  resulting  solution  yiehls  the 


l-'igure  T:  Acoustic  sources.  iN umbers  imlicate  shock  cell 
locations. 

acoustic  w.ave-  amphtude  and  |>ha.se.  for  the  given  instabihty 
wave-  fte-<iue-ncy.  at  each  shock  cell  loctition. 

.-\n  experimental  study  to  further  understand  the- shock  vor¬ 
tex  interaction  is  currently  on-going  as  jutrl  of  this  pro¬ 
gram.*-'  The  experimental  .sct-ui>  consists  of  a  Mach  l.d.j 
rectangular  nozzle  exhausting  into  an  anechoic  charnlier. 
.'\n  array  of  microphones  immediately  outside  the  jet  shear 
layer  will  record  nearheld  measurements  and  a  single  micro 
phone  positioned  on  a  circular  arc  will  record  farfield  mea¬ 
surements.  In  addition,  the  miniature  microphoue  probe 
techniciue-  of  Rice  and  'raghavi"  will  lie  used  to  accurately 
locate  the  shock-vortex  interaction  noise  sources,  lb  deter¬ 
mine  the  fre-<iuency  and  amphtude  of  the-  instabihty  waves, 
hot-wire  measurements  wih  be  taken  in  the  subsonic  j'or- 
lion  of  the-  shear  Layer.  Dy  conijiaring  these  measurements 
for  a  screeching  and  non-.scre-eching  jet.  the-  instabihty  fre- 
<|ue-n<  y  responsible  1 -.  screech  c.an  lie  identified.  I.  sing  a 
te-chnh|uc  develoi>e-d  by  I'hom.us  and  (,'hu  **■*’,  and  tak¬ 
ing  hot-wire  measurements  uj’stream  and  dow-nsire-am  of 
the  jireviously  de-termined  iioise-  source-  locations,  the  local 
si>e-ctral  dynamics  of  the-  shear  layer  can  be-  evaluated.  By 
correlating  the  spectr.-d  dynamics  to  the  ue-ar-lie-ld  acoustic 
metesurements.  the-  me-chanism  of  shock-vortex  interaction 
will  be  further  understood,  and  results  can  be-  used  to  moti¬ 
vate-  relinements  of  the  shock- vortex  interaction  movlule  in 
the-  pre-diction  tool. 

4.3  Acoiistie  Foeelbrtck 

Knowing  the  amiihttide.  pluuse  and  wave-length  of  the  acous¬ 
tic  waves  generated  at  a  given  sirock  ceh  location,  as  well 
as  the-  distance-  from  the  .shock  ce-U  to  the-  nozzle-  hji.  either 
a  cyhndrical  or  spherical  de-c.ay  process  can  be  selected  to 
itete-rmine-  the-  amphtude-  of  the  waves  at  the  nozzle-  h|i.  I'he 
ph.xse-  at  the-  nozzle  hi>  can  be-  determined  using  the-  dis- 
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tiiucv  lu'iu  tlicsiiock  cell  aiivi  the  vclocilv  ol  jiiopa^attuii  of 
llic  wave,  wliicli  i.s  oliiualcvl  bv  llic  >ih'ccI  of  .>ouj»tl  in  !hc‘ 
livc.'Ucaiii  inij\u.>  the  iKcuIrcain  vclocil.v  aloiii;  a  .■'traijjilil 
l>alh  between  tl^e^cmtee  ainl  the  liji.  Titus-  liotn  the  iiha-ce 
ainl  ainplitinle  of  the  acotis-tie  ^vave^  from  etieli  of  the  shock 
cells,  a  .su'nitialion  of  the  acoustic  waves  cati  be  tleleiniinecl 
at  the  nor^le  hp. 

4,-l  lleceitlivity 

Keceptivilv  tleiscribes  how  e.xtenial  clistiiibances  jjenerate 
instability  waves  in  a  llowfielcl.  In  the  screech  phenomena, 
the  receptivity  (.lescribes  how  energy  is  Iransferretl  from  the 
acoustic  inessuro  waves  to  the  vortical  instaf'ility  waves  of 
the  same  fretpiency.  In  screech,  the  acoustic  wave  scatterecl 
from  tlie  nonrle  liji  acts  to  e.xcite  the  instability  wave  in  the 
jet  shear  layer.  Thus,  the  recc'i'tivUy  cleliites  the  amjtfitiule 
atnl  phtt.se  of  the  aittpUhecl  instability  waves.  Keceptlvily  is 
a  coittple.x  luocess  tiittl  cttit  be  inllnertced  by  ttozzle  geom¬ 
etry.  ntaterial  type  ainl  the  aftboely  llowlielcl.  The  current 
inotlel  tttilizes  a  vorte.x  sheet  fountilatioit.  a.sstttnes  --D  How 
in  the  vicittity  of  the  Ir.tiliitg  etlge  aitd  assiiittes  a  .shar|>  itoz- 
rle  trailiitg  etlge. 

.1,  RESULTS 

.\  --1.)  platiar  ..laeh  l.-J.j  rtodzle  with  a  1.’"  e.xil  height 
hits  been  tisccl  itt  the  lollowinj;,  e.xaittples.  The  elfects  of 
lieestreatit  .Mach  miiitber  tttttl  slte.ir  layer  growth  rale  are 
pr-.'.seitteil. 

I'  iguie  •'S  shows  the  net  gain  for  one  jia.ss  through  the  screech 
loop  versus  fte<itiency  for  a  hot  jet  where  the  plume  to 
freesireant  leitiiietat  ure  ratio  is  hve.  In  this  ca.se.  the 
freest  team  Mach  ittintber  is  .1.  the  shear  layer  growth  rale  is 
.t.t.j  ami  the  fully  cxpamlecl  Mach  itttiiiber  is  1.  j.  Note  that 
the  value  of  antphlticle  in  these  Itgttres  is  the  sum  of  the 
aitiplitinles  froitt  eitch  of  the  shock  cells  with  reijifoteeineitl 
and  caitccllation  accottiited  for.  .Note  that  the  jet  .shows  no 
scieech  loop  gtiin.  since  the  resulting  amiililitcles  are  .ill  less 
lhajt  the  origiital  arnplittule.  i.e.  .\/.\.j  <  1.  l  igtire  ft.  10 
tiitd  11  show  the  jet  at  the  saitie  conditions,  but  witli  in- 
cie.ising  Ireestreain  Mach  numbers  of  .7.  ..s.y.  and  .O.a.  rc- 
s|iectively.  Note  that  the  feedback  ampliltide  iiicreiises  with 
Ire '.'St  leant  Mach  number  and  that  in  each  of  the  higher 
.M.ich  mimoer  c.ises  there  is  a  .scr<;ech  loop  gain  at  two  or 
in-jre  fie<|uencii.s.  Also,  the  number  of  frenttencies  at  which 
.1  lo'.ip  g.iin  eloe.e  'jceiir  increases  dramatically  with  iiicrea.s- 
ini;  lieestreani  .Mach  niinibei.  1  he  rnechanisin  by  which  this 
'.I' I. tils  ts  as  lollows.  Ill'.  Ii.isi',  screech  jirocess  generally  r<-’- 
snlis  in  .1  seteeeli  waveleiigih  on  the  onler  ol  the  jet  shock 
'•11  sp.tcing.  lor  I'  lei'  iiC''  pui|ios's.  the  instability  mode 
'.III  I"  "jiisi'l'-i'-'l  to  propagate  at  ronghly  the  fre'.'sireatii 
sp'."l  'jl  .soiiii'l.  111'.  .I'otistic  Wiiv'.s  ppapagale  ujesiream 
at  t|ie  sp'.'  -l  of  s'niii'l  minus  tlu'  licest  ream  speed,  d  ims 
■IS  ill'  If' si  l'■.lnl  sp'eil  .ippto.ich's  the  freestr'.-ani  speed 
'rl  .s'jiiii'l.  the  pto[iagali'jn  s|i'.ed  ol  the  upslri.'am  propagal- 
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ing  aconslic  waves  is  a  small  fraction  of  the  downs! leant 
]'ro|>a.gatitig  vortical  instability  wave.  As  a  eonse<iueiice  of 
these  disi>arale  specxls.  the  slow  traveling  acoustic  waves  will 
grotijr  in  substantia!  .lumbers  relative  to  the  dowitslieam 
l'ro]>agaling  wave.  Thus  with  a  small  change  in  Ireiiiiency. 
large  acoustic  wave  phase  variations  occur  a'  ilie  no/itle  lip. 
This  tightly  clusters  the  acoustic  int'-rf'' rerice  jnittern.  from 
differing  downstream  shock  cells,  result iitg  in  an  iiicrea.'-eil 
iiuniber  of  frequency  jieaks  at  the  higher  lrei.slteam  Mach 
number.  This  ob.se rved  behavior  has  .sigiiihcant  implications 
for  aircraft  afteml  si  riicl  tires. 

l-'igiires  1.'  through  1-5  in  coinpari.son  to  l■'igures  k  through  11 
show  the  '  IfecI  ol  doubling  the  shear  layer  growth  rale  for 
hot  jets,  w  ith  a  jet  to  freestreain  ratio  ol  -r.O.  at  Mach  iiuiti- 
bers  .-1.  .7,  ..x.a  and  resi'ectively.  .Note  that  the  faster 
shear  l.ry  t  'li  rate  results  in  decreasi.d  feedback  am¬ 
plitudes  in  fact  for  this  jet  the  higher  shear  hiyer  growth 
rale  rts.ills  in  no  fe'.-dback  loo]'  gain.  .-Vgain.  the  I  rend  of  an 
increa.secl  niintber  ol  I'eaks  with  increasing  .Mach  number  is 
evi'lent  in  I'igitres  11  through  bo. 


Il-g 


6.  CONCLUSIONS 

An  ciiginwiing  tl«iign  lool  to  luotUtt  stK'w;li  [ie<iucncy  amt 
amplitude  lias  been  develojied.  I'lie  cuireiit  code,  devel- 
opeel  in  a  moduiai  fashion  to  model  the  instability  waves, 
shock-vortex  interaction,  acoustic  feedback  and  receptivity, 
runs  in  a  few  seconds  on  a  workstation.  The  coele  takes  ad¬ 
vantage  of  a  grapliical  interface.  \Vitlun  tliis  interface,  the 
<.'FU  solution  of  the  jet  to  be  analyrc'd  can  be  displayed, 
the  screech  iircdiction  code  can  be  run  using  the  appropri¬ 
ate  menu  selections,  and  the  variation  of  predicted  screech 
amiililude  g.ain  versus  freepiency  can  be  jilotted. 

I’teliminary  results  from  a  single  U-D  jet  illustrate  the  ef¬ 
fects  of  fteeslteam  ,Mach  number  and  shear  layer  growth  rate 
on  both  the  screech  amplitude  and  fre<iuency.  Increasing 
Ir'cslream  ,Mach  number  has  been  shown  to  dramatically 
increase  the  number  ol  freiiuencies  at  w  hich  a  feedback  loop 
aini'htude  gain  occurs.  .\nd.  the  amplitude  of  the  (Haks  is 
seen  lo  increase  with  ineteasing  .Mach  number.  Increasing 
the  sh'  .ir  layer  growth  rate  has  been  shown  lo  signihcantly 
elecrea.se'  the  atti|>litude  ol  the  screech  peaks  at  all  freciuen- 
cies  lot  each  Ireestreatii  .Mach  tiuitiber. 
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APPLICATION  OF  THE  PSD  TECHNIQUE  TO  ACOUSTIC  FATIGUE 
STRESS  CALCULATIONS  IN  COMPLEX  SUBSTRUCTURES. 
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Structural  Dynamics  Department 
CONSTRUCCIONES  AERONAUTICAS  S.A. 
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SUMMARY 

A  method  for  stress  calculation  using  the  Power 
Spectral  Density  (PSD)  technique  for  acoustic  fa¬ 
tigue  evaluation  is  presented. 

The  sound  pressure  levels  (SPL)  are  converted  to 
acoustic  pressures  PSD  and  applied  to  a  finite  ele¬ 
ment  model  representation  of  the  substructure.  This 
technique  can  cover:  complex  geometries  in  substruc¬ 
tures,  detailed  effect  of  reinforcements  and  the  contri¬ 
bution  of  several  normal  modes,  improving  the  pre¬ 
vious  procedure  based  on  ESDU  data  sheets  that  ac¬ 
counts  for  simple  geometries  and  only  contribution 
of  the  first  mode  is  considered. 

The  method  is  used  to  predict  stresses  at  substruc¬ 
tures  subjected  to  severe  acoustic  environment. 

Comparison  with  acoustic  fatigue  test  results  show 
good  correlation  between  experimental  data  and  the¬ 
oretical  analyses  in  terms  of  stresses  and  accelera¬ 
tions  providing  an  encouraging  basis  for  further  work 
in  this  direction. 

1  INTRODUCTION 

Since  aeronautical  structures  ate  getting  lighter, 
more  complex  and  aircraft  performances  enhance, 
acoustic  fatigue  arises  as  a  problem  in  areas  sub¬ 
jected  to  severe  acoustic  environment,  even  becoming 
critical  for  substructures  design,  especially  for  large 
panels  with  small  thiekneu. 

The  complete  problem  can  be  split  into: 

s  Determination  of  Input  Spectra  (i.e.  Sound 
Pressure  Levels  (SPL),  Overall  Sound  Prewure 
Levels  (OSPL),  etc). 

e  Determination  of  Structural  Response  (i.e.  rms 
stresses,  accelerations,  internal  actions  and 
number  of  positive  crossings) 

s  Fatigue  Life  Evaluation. 

The  solution  of  the  lirst  part  still  relies  basically  on 
flight  and  ground  test  data.  During  a  project  devel¬ 
opment  and  design  phases,  when  no  flight  test  data 
are  available,  input  spectra  estimates  are  obtained 
based  on  empirical  procedures,  past  experience  and 


tead-across  from  other  aircrafts,  with  simila,  aircraft 
mission  and  performances. 

The  solution  of  the  last  part  has  the  additional  diffi¬ 
culty  of  the  low  amount  of  available  data  concerning 
the  new  materials  often  used  for  these  substructures. 

This  paper  is  focused  on  the  intermedia!'  part:  the 
structural  response.  Subsequent  sectioi  s  summa¬ 
rise  the  theoretical  development  and  app'ication  of 
a  Power  Spectral  Density  (PSD)  technique  to  obtain 
rms  structural  responses  (A)  and  the  .tumber  of  pos¬ 
itive  crossings  (NO)  for  further  acoustic  fatigue  life 
evaluations. 

Although  the  idea  of  using  the  statistical  character¬ 
istics  of  structural  response  to  random  input  load¬ 
ing  can  be  already  found  in  the  50’s  [1],  it  has  been 
necessary  to  wait  for  finite  ,.lement  methodology  to 
mature  and  computer  capabilities  to  explode  before 
applying  it  to  actual  aircraft  structures.  Even  with 
today’s  standards  the  computer  resources  needed  to 
perform  these  kind  of  calculations  ate  still  high. 

The  input  spectrum  is  assumed  to  be  known.  SPL 
ate  then  converted  to  acoustic  pressures  PSD  and 
applied  to  a  finite  element  model  representation  of 
the  substructure.  The  effect  of  complex  geometries 
and  the  contribution  of  several  normal  modes  is  con¬ 
sidered,  improving  empirical  approaches  that  take 
only  into  account  the  contribution  of  the  first  normal 
mode  in  simple  geometries  (i.e.  ESDU  data  sheets). 

Validation  of  the  proeedure  includw  sensitivity  anal¬ 
ysis  to  the  relevant  parameters  ftom  the  fatigue  stress 
prediction  standpoint:  structure  boundary  condi¬ 
tions,  iVequency  cut-off,  damping  values  etc.  To  tune 
all  this  parameters,  an  exhaustive  validation  program 
has  been  envisaged,  covering: 

e  Application  to  simple  cases  and  comparison  with 
results  obtained  ftom  alternative  procedures. 

s  Application  to  a  specimen  tested  under  labora¬ 
tory  conditions. 

a  On  ground  test  of  actual  aircraft. 

•  in  Sight  test  of  actual  aircraft. 
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The  validation  task  is  still  in  progress  and  only  in-  *  ADVANTAGES  OF  THE  FEM  +  PSD 

formation  concerning  the  first  three  steps  is  avail-  METHOD 

able  and  presented  within  this  paper.  Good  cortela-  ^he  standard  empirical  approach  [6]  to  obtain 

tion  has  been  obtained  with  the  simple  cases  tepro-  ‘“‘•Bue  evaluation  has  limitations  that 

duced  with  alternative  procedures.  With  the  speci-  restricts  its  use  to  only  some  cases. 

men  tested  under  laboratory  conditions,  stresses  and  Previous  limitations  overcome  when  using  PSD  tech- 

accelerations  were  predicted  and  compared  with  test  ‘"stead  of 

results  showing  in  general  good  correlation  (within  method  of  [6]  ate  summarised  in  table  1. 

method  limitation).  Description  of  this  application  Nevertheless,  suitability  of  the  method  should  be 

constitutes  the  bulky  part  of  the  paper.  A  limited  •’y  «»"‘“»tive  validation  ptoce- 

amount  of  information  regarding  ground  test  is  also 

presented.  The  paper  ends  with  a  discussion  on  the 

scope  and  limitations  of  the  method. 


T^ble  1:  ADVANTAGES  OF  FEM  +  PSD  METHOD 


a  BASIC  ASSUMPTIONS 


1.  Linear  behaviour  of  the  structure  (small  dis¬ 
placement  amplitudes). 

2.  Fluid  pteuute  is  (he  force  causing  stresses  on 
(he  structure  and  leads  to  an  isotropic  force 
field,  then  only  displacements  normal  to  the 
fiuid-structure  interlhce  surface  contribute  to 
(he  work  done  by  external  forces  and  thus  only 
d.o.f.  normal  to  (he  surface  have  been  consid¬ 
ered  in  computing  the  normal  modes. 

3.  The  characteristic  length  of  (he  pressure  owila- 
tions  variation  it  assumed  to  be  high  when  com¬ 
pared  with  the  problem  characteristic  length 
given  by  overall  structure  dimensions,  thus  lead¬ 
ing  to  a  time  dependant  plane  wave  acting  on  the 
structure. 


4.  Inviscid  fluid  is  considered  through  the  analysis, 
thus  not  accounting  for  oblique  fluid-structure 
interaction. 

5.  The  coupling  effects  may  be  neglected  if  the  fluid 
cavity  is  large  enough.  The  present  analyses 
do  not  include  any  cavity  effects  because  of  the 
engine  exhaust  vecinity,  (hut  no  fluid-structure 
coupling  analysis  is  necessary. 

8.  The  spectral  distrihution  is  assumed  continuous 
with  small  rate  of  change  of  level  with  frequency. 

7.  Simulated  structures  should  have  small  curva¬ 
ture. 

8.  At.  dB  valuH  in  this  paper  are  referred  to  a  ref¬ 
erence  pressure  of  idiiPa. 
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4  FINITE  ELEMENT  AND  PSD  APPROACH 
The  approach  includes  the  following  steps: 

•  Modelling  of  the  substructure. 

•  Setting  up  the  input  excitation. 

•  Response  evaluation. 

•  Parametric  variations. 


The  substructure  is  modelled  using  conventional  F.E. 
modelling  techniques.  Although  due  to  geometrical 
characteristics  of  structures  potentially  subjected  to 
acoustic  fatigue  problems,  the  elements  used  ate  ba¬ 
sically  plate  elements  that  can  withstand  pressures 
acting  in  the  normal  direction  of  their  surface,  any 
other  elements  needed  to  adequately  simulate  the 
stiffness  characteristics  of  the  structure  ate  also  used. 


Figure  1;  Plate  Element  and  Pteuute 

The  random  acoustic  loading  is  simulated  by  means 
of  fluctuating  pteuutes  acting  on  one  side.  Advanced 
Finite  Element  Codes  have  embodied  suitable  modu¬ 
les  to  deal  with  random  analyses  [2]  that  take  into 
account  the  advantages  of  the  Power  Spectral  Den¬ 
sity  (PSD)  formulation.  The  underlying  theory  is 
well  known  [31  being  the  main  conclusion  the  rela¬ 
tionship  between  the  power  spectral  density  of  the 
response  (5;(w))  and  the  power  spectral  density  of 
the  source  {St(w))  that  allows  the  statistical  prop¬ 
erties  of  system  response  to  random  excitation  to  be 
evaluated  via  the  techniques  of  ftequency  response: 
(quoted  from  [3]) 


5j(«)  =  |Jf>.(w)|’  X  S.(w)  (I) 

where  ff>«(w)  is  the  frequency  response  of  any  phys¬ 
ical  variable  U),  due  to  an  excitation  source,  that 
verifles  the  transfer  frinction  theorem; 


Once  response  PSD  is  known,  the  tms  value  (A)  is 
computed  as  the  squared  root  of  the  PSD  area; 


And  the  expected  value  of  the  number  of  sero  cross¬ 
ings  with  positive  slope  per  unit  time  (AfO)  as: 


ATO  = 


\  sr  SjMdu 


(4) 


The  input  spectrum  is  assumed  to  be  known  (based 
on  test  data  or  read-across)  in  third  octave  band. 
Besides  this  is  the  most  common  way  this  spectrum 
is  provided,  hypothesis  6  is  automatically  satisfied 
and  makes  the  method  less  sensitive  to  substructure 
imperfections  (either  in  the  model  or  in  the  specimen 
itself  due  to  manufacturing  tolerances) 

4.1  Sound  Pressure  Level  Spectrum  Conversion 
into  spectral  density  of  acoustic  pressure 
Starting  from  the  available  sound  pressure  level  spec¬ 
trum  in  third  octave  band,  the  spectral  density  is 
obtained  in  three  steps: 

1.  Relation  between  the  sound  pressure  level 
{SPL)hi  at  a  particular  frequency  and  the  level 
in  third  octave  band  (SPL)^/^  centered  at  that 
ftequency  /c. 

From  [4]; 

{SPL)h.  =  {SPL)^,^  -  101og,„A/  (5) 

A/  =  /,  -  /,  =  2*A  -  ^  =  0,235633/,  (8) 

(SPL)h.  =  (SPL)i/4  -  10 log, 0 /,-»■  8,3533 

(7) 

2.  Relation  between  sound  pteuure  level  and  t.m.s. 
fluctuating  pressure  p,n>i< 

From  [5]: 

(5^1)/,.  =  20(log,up,™.-f4.69897)  (8) 

When  p  is  in  £t  Prt/  ~  20pPa 
From  equation  8  the  relation  between  p  in  Pa 
and  [SPL)hi  in  dB  (referred  to  20fsPa)  can  be 
extracted: 


=  ^rs(w)  X  <?.(«)  (a) 


where  «j(w)  and  Qe(w)  ate  the  Fourier  traniforiiM  of 
and  Q,. 


Prm.  =  (g) 
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3.  Relation  between  the  spectral  density  of  acous¬ 
tic  pressure  PSD{f)  and  the  root  mean  square 
fluctuating  pressure. 

When  unit  bandwith  is  used,  the  squared  toot 
mean  square  fluctuating  pressure  is  numerically 
equal  to  the  spectral  density  of  acoustic  pressure 
at  frequency  /  in  Pa^/Hz  [(N/m?y/Hx]  units. 

PSDif)  =  (10) 

Therefore; 

PSD{f)  =  (11) 

in  Pa^lHx  [(N/m^)^J Hz] 

NOTE:  when  mm  units  ate  used  instead  of  iq 
the  expression  becames: 

PSDif)  =  [10^^^+'  (12) 

in  [MPaflHz  [[Nlmm^flHz] 

4.2  Sensitivity  to  relevant  parametersi 


*  Mesh  siie.  Starting  with  coarse  meshes,  results 
convergence  to  mesh  siie  should  be  checked  us¬ 
ing  successively  finer  meshes.  As  a  general  rule, 
a  minimum  of  4  elements  in  each  mode  shape 
wave  of  the  highest  frequency  mode  of  interest 
should  be  used. 

e  Reinforcements  modeling.  Most  of  the  time, 
the  "complexity”  of  the  structure  is  not  due  to 
its  overall  dimensions  but  to  its  reinforcements, 
beads,  feeding  channels  etc.  As  large  stress 
gradients  ate  anticipated  close  to  substructure's 
edges,  careful  attention  should  be  given  to  that 
modeling. 

s  Cut-off  frequency.  It  determines  the  amount  of 
normal  modes  contributing  to  the  response.  The 
modal  frequency  response  limit  should  be  se¬ 
lected  once  the  truncation  error  hw  proved  to 
be  negligible.  Usually,  the  responm  PSO  shows 
a  decreasing  pattern  with  (lequency  that  allows 
cut-off  ftequencies  in  the  500  Hs  to  1000  Hs 
range. 

e  Frequency  integration  interval.  Should  be  unall 
enougCto  allow  frequency  resolution  between 
ar^acent  response  peaks.  A  typical  value  is  1.6 
Hs. 

e  Boundary  Conditions.  The  only  teal  boundary 
condition  easy  to  reproduce  in  a  Unite  element 
model  is  ftee-fltee.  Actual  substructures  bound¬ 
ary  conditions  ate  seldom  free-fkee  being  a  com¬ 
bination  of  clamped,  Axed  or  simply  supported. 


Attachments  flexibility  provides  additional  un¬ 
certainties  to  boundary  conditions  making  nec¬ 
essary  to  perform  sensitivity  analysis  of  this  pa¬ 
rameter. 

•  Damping.  Being  a  very  difficult  subject,  not 
only  to  predict  but  even  to  measure  on  test, 
it  is  fat  beyond  the  scope  of  the  present  pa¬ 
per  to  perform  an  exhaustive  discussion  concern¬ 
ing  damping.  Contributions  to  damping  of  the 
substructure  are:  structural  damping,  ait  damp¬ 
ing,  damping  due  to  sound  radiation,  damping 
due  to  ait  pumping  at  structural  joints,  etc. 
The  reader  can  find  in  [1]  some  basic  princi¬ 
ples.  More  specific  items  can  be  addressed  in 
[7].  Either  structural  or  modal  damping  ntay 
be  used.  Nevertheless,  in  the  absence  of  ac¬ 
tual  modal  damping  measurements  or  better  es¬ 
timates,  a  constant  itructural  damping  value  of 
g=0.0I  can  been  used  for  isolated  specimens  (as 
those  tested  in  laboratory  facilities)  and  g=.0.034 
(as  recomended  by  [6])  for  airplane  built-in  sub¬ 
structures.  Figure  3  shows  a  typical  evolution  of 
a  response  with  the  amount  of  structural  damp¬ 
ing  using  the  present  method  which  matches 
with  a  similar  curve  from  [6].  A  response  value 
of  1  hM  been  selected  to  normalise  the  curves  at 
g=0.034. 


kg 


Figure  3:  Damping  ratio  correction  ihetor 
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5  PRELIMINARY  VALIDATION  (COMPARI¬ 

SON  WITH  ALTERNATIVE  METHODS) 
Preliminary  validation  wan  achieved  by  comparison 
of  results  obtained  with  the  present  method  and 
those  obtained  using  [6]  applied  to  three  different 
cases:  a  flat  plate,  a  slightly  curved  plate  and  a  series 
of  panels  with  increasing  curvature.  Aluminum  ma¬ 
terial  with  Young’s  modulus  E  =  70000  Mpa,  mass 
density  p  =  and  a  constant  excit¬ 

ing  spectrum  of  120  dB  were  used.  Analyses  condi¬ 
tions  were  those  of  method  [6]  validity:  contribution 
of  a  single  mode  (fundamental)  and  all  edges  fixed. 
Damping  value  used  was  g  =  0.03. 

Table  2  shows  the  comparison  of  results  obtained 
with  [6]  method  and  with  method  presented  herein. 
Results  provide  fundamental  mode  frequency  and 
tms  stresses  at  the  rivet  line.  Dimensions  of 
plates  are  expressed  as:  Straight  edge  length  (a)  x 
Curved  edge  length  (6)  x  Thickness  (i). 

Good  agreement  has  been  obtained  for  flat  and 
slightly  curved  panel,  providing  the  present  method 
stresses  about  -)-6%  higher  in  the  flat  plate  case  and 
■i-2%  higher  for  the  slightly  curved  panel.  Series  of 
increasingly  curved  panels  show  that  higher  differ¬ 
ences  arise  as  curvature  of  the  panel  increases. 

Due  to  the  limitations  imposed  by  the  conditions  of 
those  analyses,  an  additional  validatior  was  envis¬ 
aged,  based  on  comparison  with  an  acoustic  fatigue 
laboratory  test  of  an  actual  airctaft  substructure. 

6  VALIDATION  WITH  LABORATORY  TEST 
RESULTS 

S.l  Test  Specimen 

A  test  was  conducted  in  a  reverberation  chamber  to 
study  the  response  characteristics  to  various  acoustic 
excitations. 

Figure  4  shows  the  test  specimen  location  on  air¬ 
craft  engines  area,  isolated  test  specimen  planform 
and  longitudinal  cross-section  where  feeding  channels 
and  bead  shapes  may  be  seen. 


Figure  4:  Test  Specimen 


li 

Dimensions 
a  X  6  X  t 

(m) 

Curvature 

1/R 

(m-) 

RESI 

[6]  Method 

Freq.  (Hi)  Stresses  (MPa) 

JLTS 

Present  Method 

Freq.  (Hi)  Stresses  (MPa) 

ihkt: 

O.fl  X  0.4  X  0.002 

0.000 

82.6 

22.0 

0.36  X  0.3  X  0.0012 

l.lll 

416. 

2.10 

442. 

0.000 

S3.S 

19.0 

94.1 

21.76 

Incts. 

0.126 

126.8 

11.0 

129.2 

13.72 

Curv. 

0.48  X  0.4  X  0.002 

197.6 

6.0 

197.8 

6.36 

360.0 

2.1 

360.3 

3.86 

1.260 

401.3 

1.0 

406.6 

0.63 

Table  2:  COMPARISON  OF  (6)  METHOD  RESULTS  WITH  PRESENT  METHOD 


Test  article  was  mounted  in  test  frames  to  simulate 
the  stiffness  of  the  adjacent  structure,  the  assembly 
was  soft  suspended  in  the  reverbaration  chamber  and 
then  subjected  to  acoustic  excitation. 

The  test  specimen  is  a  part  of  the  keel  beam  sepa¬ 
rating  the  two  engine  tunnels  between  two  fuselage 
frames,  built  as  a  single  piece  by  superplastic  form- 
ing/diffusion  bonding  (SPP/DB)  of  titanium  alloy. 
Initially,  two  flat  panels  ate  placed  into  a  mould  and 
feeding  channels  are  used  to  inflate  the  beads  at  high 
temperature  when  titanium  plasticity  is  achieved. 
Thus,  feeding  channels  significantly  contribute  to  the 
upper  edge  stiffness.  Specimen  dimensions  ate  aptox- 
imately  700  by  800  mm. 


II  TEST  SPECIMEN  FEM  SUMMARY  || 

NODES 

No.  ELEM. 

2647 

2897 

Table  3:  Test  Specimen  FEM  Summary 


O.S  External  Forces 

Exciting  forces  are  usually  given  as  one  third  octave 
band  spectra  and  sometimes  as  octave  band  spectra. 
In  both  cases  the  sound  pressure  levels  ate  converted 
into  acoustic  pressures  PSD  and  applied  to  the  fi¬ 
nite  element  model  representation  of  the  specimen. 
Figure  6  shows  the  actual  test  spectrum. 


6.3  Specimen  Finite  Element  Model 
The  Finite  Element  Model  representing  the  specimen 
consists  of  2647  nodes  and  2897  elements  and  may  be 
seen  in  figure  5.  Plate  elements  ate  used  to  model  flat 
areas  and  beads  and  beam  elements  to  simulate  the 
feeding  channels.  The  specimen  mass  is  distributed 
all  along  the  model  by  inclusion  of  actual  titanium 
density. 


Boundary  conditions  ate  imposed  to  the  F.E.  model 
simulating  the  actual  built  up  of  the  panel  in  the  air¬ 
craft:  clamped  conditions  on  upper  keel  beam  upper 
edge  and  simply-supported  conditions  on  the  other 
three  edges.  Such  conditions  have  been  also  repro¬ 
duced  in  the  test  specimen. 


Trials  with  simplified  models  have  shown  that  the 
keel  beam  cannot  be  modeled  either  as  a  flat  or  as  a 
rectangular  panel  or  as  a  corrugated  plate  with  open- 
ended  beads.  Feeding  channels  and  bead  ends  also 
influence  the  keel  beam  stiffness  features.  Therefore 
these  characteristics  must  be  simulated  in  the  model. 


Figure  5:  Specimen  F.E.  Model 


Faag  I 
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8.4  RESULTS 

4.4.1  Normal  model  and  freqxienciei; 

The  modified  Householder  method  was  used  to  ob¬ 
tain  the  normal  modes.  A  previous  static  (Guyan) 
reduction  to  the  normal  to  the  plate  degrees  of  free¬ 
dom  was  performed  in  order  to  reduce  the  CPU  time. 

Figure  7  shows  the  first  two  theoretical  normal  mode 
shapes. 


The  natural  frequencies  measured  on  test  have  been 
obtained  by  processing  accelerometers  and  strain 
gauges  response  and  considering  natural  frequencies 
where  response  peaks  occur.  Digital  samples  with 
a  sampling  frequency  of  5  kHs  were  used  to  obtain 
toot  mean  square  values  and  power  spectral  density 
distributions.  Table  4  shows  the  natural  frequencies 
predicted  in  the  analysis  and  the  frequencies  mea¬ 
sured  in  test. 


Figure  7;  Keel  Beam  Normal  Modes  1  and  2 


MODE 

(NO.) 

fHEogETlgAl 
ANALYSIS 
FREQ.  (Hi) 

TEST  MBAsUKEft 
FREQ. 

(H.) 

1 

162 

170 

3 

194 

190 

215 

3 

250 

245 

270 

4 

314 

315 

S 

383 

370 

6 

443 

440 

7 

485 

470 

TWble  4;  Keel  Beam  Natural  Ftequtneiet 


Predicted  frequencies  are  close  to  those  measured 
during  test.  Only  test  response  peaks  at  215  and 
270  Hs  have  not  been  obtained  in  the  theoretical 
analysis.  Nevertheless,  these  peak  responses  in  the 
test  ate  low  when  compared  with  the  most  important 
contributing  modes  of  170,  190  and  315  Hi  frequen¬ 
cies. 


6.4.3  Streiiei  and  AeceUrationi 
In  order  to  have  correlation  between  prediction  and 
test  results  as  well  as  stress  and  acceleration  distribu¬ 
tions  over  the  model,  tms  stresses  have  been  obtained 
at  different  locations  (see  figure  below): 


-  Clamped  edge  (FEM) 

-  Elements  adljacent  to  clamped  edge  (FEM)  (edge 
distance:4.3  mm) 

-  Elements  on  vertical  center  strip  (FEM) 

-  7  Accelerometers  (Test)  A 
•  5  Strain  gauges  (Test)| 

-  4  Rosettes  (Test)  • 
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Theotetical  Stresses  in  vertical  direction  (0',)rmj  on 
external  plate  surface  on  the  selected  locations  of  the 
model  are  shown  on  the  following  plots: 


(MP* 


f 


Figure  9:  Theoretical  stress  output  at  clamped  edge 


[nRUS  -  Tut 


Figure  10:  Theotetical  stceii  output  at  eiementi  ad¬ 
jacent  to  clamped  edge 


Figure  11:  Theotetical  itreee  output  at  central  line 
elemente 


Predicted  itteiiet  and  acceleratione  are  in  good 
agreement  with  thoee  obtained  in  acouetic  teat,  aa 
may  be  seen  in  llgute  12  where  leut  tquaree  Rt 
method  ii  used  to  obtain  the  regreiaion  line  and  lin¬ 
ear  correlation  coefficient  p. 


ital\IIMS  -  Till 


III 


luilieMt  •  tfaWMil 
n-M  fiw  «•*/<•¥  ••o.ei 
0  m  0.MT.  I  g  ■  I  OMf 


Figure  12;  Predicted  vi  'Peit  Street  and  Acceleration 
Correlation 


Regreiaion  line  coefficient  value  dote  to  1  -at 
obtained-  indicatea  a  good  global  correlation,  nev- 
erthelen  the  ploti  ihow  lome  particular  pointi  - 
ipecially  in  the  atreatea  compariion-  with  large  dia- 
crepanciea.  The  explanation  may  be  in  the  high 
atreaa  gradient  near  the  apecimen  edgea  and  ipecially 
in  the  neighbourhood  of  the  clamped  line,  in  which 
imall  dilferencH  in  poaition  could  give  large  difler- 
encet  in  atrcaaea.  The  exact  atrain  gauge  and  ac¬ 
celerometer  locationi  cannot  be  known  without  tome 
level  of  uncertainty.  In  addition,  the  actual  damping 
value  ia  alao  unknown.  The  acattar  ii  lower  in  the 
caae  of  the  acceleratione  (the  accelerometera  are  lo¬ 
cated  relatively  far  Rom  the  apecimen  edgea). 
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6.4. S  Crack  location  and  growth 
Visual  inspections  to  detect  possible  damages  and 
their  development  were  performed  during  the  keel 
beam  acoustic  fatigue  test.  A  crack  of  210  mm  was 
detected  after  9  hr  test  time  close  to  upper  keel  edge. 
Figure  13  shows  the  location  where  crack  appeared 
(superimposed  to  F.E.M.  plot)  and  also  approximate 
development  of  damage  occured  during  test. 


Development  of  damage  until  the  end  of  teat  was; 

(I  -  l)ciacklength  310  mm  aftei  9  hit 

(3  '  3)cracklengtk  355  mm  after  10  his 

(3  -  3)eracklen|th  335  mm  after  11.5  hts 

(3  -  4)cracklength  335  mm  after  13.5  hn 

(3  -  4)era(klength  335  mm  after  15.0  hts  (no  growth) 


7  APPLICATION  TO  ACTUAL  AIRCRAFT 
SUBSTRUCTURES  TESTED  ON-GRO  JND 
7.1  Substructures  and  models 
Two  structural  components  being  part  of  the  same 
keel  beam  as  the  laboratory  specimen  have  been 
used.  Each  one  is  also  built  as  single  piece  by  su- 
perplastic  forming  /  diffusion  bonding  of  titanium 
alloy.  Thus  feeding  channels  and  beads  contribute  to 
stiffness.  The  substructures  have  been  modelled  us¬ 
ing  similar  criteria  than  in  the  laboratory  specimen. 
Next  figures  and  table  show  FEM’s  summaries. 


Figure  14:  Aft  keel  beam  model 


Figure  13:  Keel  Damage 


Stress  output  (fig  9)  shows  that  location  where  the 
highest  predicted  itresace  occur  it  in  accordance  with 
crack  starting  location.  Rapid  initial  crack  growth  it 
alto  explained  due  to  the  fact  that  strest  levels  ate 
signilleantly  equal  over  the  line  where  crack  started 
to  run.  The  r^on  of  tlmilat  high  ttrest  levels  cot- 
teepondt  roughly  with  the  crack  length.  The  crack 
stopped  in  the  final  hours  of  the  test,  it  the  position 
in  which  the  theoretical  model  predicts  a  decrease  of 
strestes.  It  should  be  pointed  out  that  the  presence 
of  the  crack  can  have  aa  inlueace  (local  change  of 
boundary  condillont  and  itiflbets)  leading  to  local 
stress  redistribution  that  hts  not  been  covered  ^ 
the  analysis. 


Figure  15:  Mid-aft  keel  beam  model 


MdbEL 

DIMKNSIdNS 

_ _ 

NODES 

3JPT 

1595 

1909 

MID-AFT 

0.949  X  0.500 

^36^ 

Table  6:  Keel  beam  FCM’e  Summary 
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7.3  On-ground  te>t 

Engine  ground  test  were  performed  with  limited 
arr.ount  of  instrumentation  (one  microphone  and  one 
accelerometer  on  the  center  of  each  keel  beam)  to 
measure  the  acoustic  excitation  and  the  vibration  re¬ 
sponse  on  the  keel  beams. 

In  those  tests  some  of  the  assumptions  of  validity  of 
the  method  are  satisfied  (linearity,  smitll  curvature  of 
the  structure  etc)  while  others  are  not  fully  satisfied 
(plane  wave,  acoustic  coupling...).  As  those  hypoth¬ 
esis  correspond  to  the  worst  case  scenario,  results 
from  theoretical  predictions  will  be  -in  general-  con¬ 
servative.  Nevertheless,  test  can  be  used  to  derive 
correction  factors  if  enough  repeatibility  and  corre¬ 
lation  between  different  tuns  is  provided. 

27  different  tuns  were  performed  coveting  left,  right 
or  both  engines  tunning,  different  engine  settings 
from  idle  to  maximum  dry  and  bay  doors  open  and 
closed  conditions.  Measured  microphone  acoustic  ex¬ 
citation  expreued  in  one  third  octave  band  for  each 
run  was  subsequently  used  as  input  to  the  analyti¬ 
cal  simulations.  Accelerometer  signals  were  poeipto- 
cesed  to  obtain  PSD's  and  tms  values.  Peaks  on  PSD 
plots  occur  at  frequencies  that  can  be  identified  ei¬ 
ther  as  normal  mode  frequencies  of  the  substrueturct 
ur  frequencies  associated  with  engine  r.p.m.’s. 

Figures  16  and  17  show  the  comparison  between  sim¬ 
ulated  and  measured  acceleration  rms  values  for  the 
37  on  ground  engine  runs  and  the  tero  substructurea: 
aft  keel  beam  and  mid-aft  keel  beam,  A  regression 
line  has  been  also  superimposed  on  each  plot. 


Teat 


Test 


Figure  17:  Mid-aft  keel  beam  Comparison 

As  can  be  seen,  there  is  a  factor  of  roughly  3  between 
the  slopm  of  the  two  regression  lines.  Nevertheless 
the  correlations  obtained  are  exeelent  in  the  case  of 
the  aft  keel  beam  (p  a  0.980)  and  fairly  good  in  the 
mid-aft  keel  beam  (p  s  0.833). 

On-ground  measured  values  are  conservative  because 
ground,  wall  and  roof  reflections  on  test  Ihcililies  will 
not  occur  in  flight.  The  corrections  used  to  match 
theoretical  predictions  with  on  ground  test  results 
are  considered  to  be  applicable  to  in-flight  conditions. 

More  on  ground  test  measurements  will  be  performed 
and  a  complete  survey  of  flight  test  Is  envisaged  that 
will  show  the  validity,  applicability  and  limitations 
of  the  FEM  -f  PSD  method  presented. 


8  CONCIUDINO  EtMAftKS 
A  FCM  e-  PSD  method  to  compute  acoustic  flstigue 
stresses  has  been  prescated.  The  method  uses  al¬ 
ready  existing  modules  embodied  in  commercial  fl- 
niu  elemcat  codes  to  evaluate  system  resposes  to 
random  eidtatioa,  and  overcomes  the  limitations  of 
the  previous  empirical  methods,  allowing  to  considet 
complei  gsosHtriss,  diflereat  bouadary  conditions, 
eoatributioas  of  mvetal  normal  modm  aad  to  com¬ 
pute  output  responses  ia  any  position  of  the  modelled 
structure. 


Despite  its  limitations,  the  method  is  eoasideied  to; 


a  Adequately  compute  relaiive  lespoasm  within 


the  seme  substruetute,  that  can  be  used  to  select 
test  instiumentation  and  predict  possible  crack 
positions. 

•  Predict  absolute  response  values  when  the  hy¬ 
pothesis  of  validity  ate  satisAed.  As  those  hy¬ 
pothesis  use  to  correspond  to  a  worst  case  kc- 
natio  (i.e.  plane  wave),  if  some  ate  not  vetiAed, 
results  of  the  method  will  be  a  conservative  esti¬ 
mate.  A  single  factor  that  match  test  compari¬ 
sons  can  then  be  used  to  correct  the  theoretical 
predictions. 


The  method  presented  has  predicted  adequately 
stresses  and  accelerations  in  a  complex  substructure 
tested  to  a  severe  acoustic  environmcat  in  laboratory 
facilities.  The  likely  location  of  the  crack  and  some 
assessment  eoneetning  the  crack  length  could  have 
alto  been  made  prior  to  the  test.  This  information 
can  be  either  used  directly  for  fatigue  life  ev^uation 
or  can  help  to  deAne  the  most  suitable  position  of  an 
aeoustie  tstiguc  lest  instrumentation. 

Only  limited  information  concerning  on-ground  test 
of  actual  aircraft  subsiructures  it  available  at  the 
present  moment.  In  these  caatt,  not  all  the  hypothe¬ 
sis  of  validity  of  the  method  are  totally  folAlled.  Net- 
erihetcH  good  repeatibilily  and  correlation  has  beta 
found  between  ntcatuied  and  predkled  acceittatioas. 
More  extensive  on-ground  lest  are  envisaged  and  the 
conclutioas  obtained  oa-grouad  for  a  partknlai  sub- 
tiiucture  using  tbit  method  are  expected  to  be  liitty 
applicable  to  in-light  coaditioaa.  Jnat  modiljring  the 
input  (excitation)  spectrum,  la-light  teat  are  alao 
envisaged. 


On  the  other  haad,  the  method  should  be  uacd  with 
caution  when  soase  of  the  aasumpUoas  ate  not  folly 
apbeaMe  A  typical  cast  is  applicaiion  to  largely 
curve  paaelt  ia  which  this  nMtbod  should  be  coe- 
recied  to  take  iaia  account  aoa-planar  wavea,  pow 
sible  cavity  dbets,  releciioas  and  ia-plaBt  sueaa  e- 
fecit. 


proach)  to  the  PSD  technique. 

Finally,  it  was  beyond  the  scope  of  the  study  pre¬ 
sented  herein  to  perform  the  fatigue  life  evaluation 
itself  or  more  detailed  analyses  including  the  change 
of  local  boundary  conditions  of  the  model  due  to  the 
elective  presence  of  the  crack.  Despite  the  limita¬ 
tions  described  and  the  scatter  observed  in  some  few 
particular  points  between  predicted  and  meiuured 
stresses,  the  results  obtained  provide  an  encouraging 
basis  for  further  work  with  this  approach. 
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The  method  reguires  very  Aao-mesh  models,  and 
when  applicatioa  of  tbs  method  is  made  to  structurm 
burn  up  in  an  airftnme,  a  sensitivity  analysis  ban  to 
be  performed  to  check  the  efici  of  chaagm  in  bound¬ 
ary  conditions,  damping  values,  aambet  of  modes, 
etc  Thertibre  the  modelling  eftirt  and  the  massive 
CPU  consumptions  needed  lo  lo 

actual  structurm  limit  the  scope  of  spplicatioa  to 
only  thorn  substructnim  which  design  is  tUtely  to  be 
dorainated  by  acoustic  llitigae  considerations.  Al¬ 
though  no  gtncnl  rule  can  be  derived,  at  CASA  typ¬ 
ical  vnlum  of  exciling  OASPL  dose  or  above  IM  dft 
are  used  to  swiuk  ftom  rauliae  task  (cmpiricai  sp- 
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SKIN-STRINGER  ELEMENTS. 
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Sjanarv 

ilithin  a  coitinarative  study.  29  different  coupons  co¬ 
vering  9  different  designs  and  6  different  materials 
Here  fatigued  by  an  excitation  of  30  gUHz  on  a  sha¬ 
ker.  The  selected  designs  and  materials  represent 
realistic  altennatives  of  an  aircraft  surface  struc¬ 
ture, 

The  investigation  led  to  the  following  conclusions: 

-  Besides  classical  aluninium.  CFRP  is  the  best  ma¬ 
terial  with  regard  to  sonic  fatigue, 

-  Aw'Li,  ARJLL  and  Al  layer  materials  showed  shorter 
life  tines  than  the  classical  Al, 

-  The  most  striking  inorovenent  in  design  for  the 
dimensions  selected  here  was  achieved  with  seoarate 
doublers  between  skin  and  stringer, 

-  The  nodal  dancing  found  was  most  often  smaller  than 
the  i,7»  of  the  critical  as  known  from  ESDI!  for  Al 

-  Pure  CFPP  without  rivets  snowed  the  smallest  dam- 
Ding:  0,6  -  0.9t 

introduction 

‘Acoustic  fatigue"  means  fatigue  of  airc'aft  surface 
structures  due  to  acoustic  leading  from  diffei’ent 
noise  sources. 

the  chenonenon  is  well  known.  Regulations  exist  le.g. 
HIL-A-5T221.  HIL-A-BSBu.  JAP  'FAPi  25.5T1  di. 

Design  '■econnenoations  and  some  metheds  of  strength 
oemonstration  are  given,  -or  examo’e.  m  the  E3CU 
data  sneets. 

But  nevertheless  there  are  still  seme  ooen  Questions. 
They  concern  amongst  others,  the  influence  of  some 
oesign  oarameters.  tie  characteristics  of  new  na- 
ter'a's  and  the  safety  criterion  itself. 

-urthermore.  it  should  be  mentioned  that  acoustic 
•atigue  is  high  cycle  fatigue  !ud  to  10  E1l  cyclesi 
at  a  .'B'y  low  level  o'  strain.  For  strength  demon¬ 
stration.  acoustic  fatigue  is  usually  studied  inde- 
oenoentA  of  otner  static  or  low  cycle  fatigue  ’ca- 
oings  with  all  the  conseouences. 

i'  tne  'ollow'ng.  the  results  of  a  comoarative  study 


will  be  given.  29  different  couoon  tyoes  were  tested 
on  a  shaker.  This  covered  6  different  materials  and  i 
different  designs.  For  details  s.  ref.  ili. 

2.  Test  Specimens 

The  couoon  design  was  as  shown  in  Fio.  2.1  and 
Tab.  M. 

Some  coupons  nad  seoarate  or  integrated  doub'ers  bet¬ 
ween  skin  and  stringer  and  some  hac  a  second  stringer 
angle  to  allow  symmetry. 

For  the  CFRP  materials  the  outer  fibre  of  the  skin  was 
perpendicular  to  the  stringer  190,  A5.  0.  0,  -AS,  9- 
0/symi. 

A  survey  is  given  in  Tab,  2-2  together  with  tne  weight 
which  varied  between  (i.S  and  1.4  times  a  reference 
value. 

One  of  the  coupons  li-li  had  a  layer  of  sealing  ma¬ 
terial  on  its  skin  to  imoreve  the  damping. 

Three  of  the  coupons  we'e  manufactured  and  tested  in  a 
seoarate  camoaign  one  year  after  the  others. 

3.  Test  Hethod 

First,  it  must  be  stated  that  the  test  methco  is  onlv 
a  substitution  of  realistic  acoustic  fatigue  cendi- 
tions. 

Firstly,  the  footocint  excitation  on  the  shaker  is  no; 
a  oressure  excitaUon  on  the  aircraft.  But  theoretical 
studies  is.  ref.  21  showed  that  the  vibration  behavi¬ 
our  of  the  couoons  is  not  so  different  if  they  are  ex¬ 
cited  by  footco-nt  acceleration  or  by  oressure  on 
skin. 

Secondly  all  sheker  tests  a'e  acoeleratec  tests.  Acce¬ 
lerated  from  '■ea'iistic  life  times  of  the  aircraft  o' 
some  *000  hours  to  shaker  times  of  some  minutes.  This 
IS  reached  by  an  increase  of  the  excitation  level  witn 
all  its  conseouences. 

To  cover  scatter.  3  specimens  of  each  coupon  tyoe  were 
ciamoed  at  the  same  time  on  the  snaker. 

Excitation  was  a  vertical  white  noise  acceleration. 

At  least  the  strain  was  measure:  by  two  strain  gauges 
on  each  soecimen.  The  one  on  the  skin,  tne  other  on 
the  stringer  as  shown  in  Fig,  2-1, 

In  3  first  steo  a  IgVH:  proadbano  exc'tation  oetween 


/'rrM-nleil  ill  ii  Simpasiiim  im  'ImiHiil  iif  Amustii  l/milx  on  Mrt  rafi  Sinicliirex'  held  in  Liilelmmmer.  Norwav,  Mav  IW. 
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'C":  atio  1000  H:  'nas  ao2ii9s  tc  nid  trie  resanancs 
553<s  O'  eiaeofreauero'iss  as  snown  in  fi«.  3-i.  Tntn 
:h9  ’'eouencv  of  mxibus  strain  tehnqinq  to  tre 
■syfliriet'ica"  benoina  sooe  of  tne  snr  was  selectee 
and  a  iCav'd:  snail  Sand  excitat'on  was  acdiieo.  The 
Sandwidth  nc*  cove'ed  30-1 10!i  of  tne  selected  eiaer- 
■'eotjer'C'' .  This  interneciate  test  »as  cerfo'sied  to 
tnecr  the  i’'‘iaen:e  c'  tne  load'd:  level  on  tne  e'- 
jcnfrsduercv  arc  ts  aiiow  a  last  ccnrectic’  of  the 
f'eooe'cy  dente'in:. 

i'ter  that  the  final  test  w'tn  iDq'''^t  ?"d  90-1101 
oaidwidin  was  oerfo'uec. 

tne  soect'uF,  of  strain  as  Feasu'ed  at  the  Deairnm: 
of  this  test  IS  also  shown  'n  Fi:,  3-1 . 

Oc'inq  the  test  the  cnanoe  o'  the  eiqenf'eooency 
13  watenee  and  oicttec  over  the  fne  as  shown  i- 
Fio.  •-3.  ihis  cictu'e  Q'ves  a  tvoical  result,  three 
oe'ioos  can  Se  dear’v  distinqu’sned.  ti^at  a  short 
oencd  o'  steecer  '''eouenc*  decav,  second  a  lonoer 
oenod  c'  slew  decav  and  •'nal’y  a  steeo  decav  just 
before  the  fracture  oecoBes  visible, 
these  3  ce'icds  can  nost  crobablv  be  allocated  to  a 
bhase  o'  initia'  settlmc  of  the  coucon.  ic  the  real 
•'aticue  cMse  and  to  the  tine  a^te'  ari  'ntta'  frac¬ 
ture. 

troF  fiqures  such  as  ='0.  3-3  it  is  ctss'ble  to  de'i- 
ve  the  '''aiiv  wanteo  'esu't  -  the  life  tu.e  uo  to 
'af:ue.  ^  c’assidsi  definition  savs  that 't  -s  'ea- 
;'e:  i'  I'e  f'e:uancv  is  reduced  bv  i%.  Sut  it  sav  be 
d''f’:jit  t:  '630  an  exact  value  :f  life  t’se  the 
o'adient  c'  f'ecuencv  oeca*  is  shall  and  tre  scatter 
o'  test  'esuits  large..  *  fu'ther  test  result  oF  inte¬ 
rest  15  the  B-dal  caxoin:  of  the  viO'atidn  which  re¬ 
sults  ‘r:r  the  soectruh  stra’n  bv  a  c'ass'cal 
s'nc'e  node  ara'vS's  since  cni-,  t'e  'esoonse  is  use:. 

- ■  F:ou'a:»  of  'est  Pesults 

'es:  results  nav  de  influenced  t>; 

-  rxoitation  netrcc 

-  exctatic'  level 

"  tss*  2'‘c  r233 jrsffe''’ 

-  32*2  C'^CCSS:''*: 

-  :2:3  2''a'  -s's 

'est  ’■£5--"$  o’.er  arv  irfc'‘*3ti3n  che 

o'oe'  0'  nao-iijoe  o'  one  influe'ces  cf  tnese  cara- 
'eoe's  a'e  o'  lin’oeo  value. 

"0  :et  sor.a  i.i'orna'io'.  sone  c'etests  and  3of= 
oo'cuoat’C's  we'e  oen'orneo. 

s'ows  tne  snace  of  tie  two  fi'st  v'traticn 
■toes  o'  a  oiarcau  asyrneor'c  couco'  as  uoBouted. 

1-3  11. e;-  O'e  st'ain  cist'iout'c:.  on  t'e  st'n  as 
'easu'e;  a'o  conojoeo  fo'  a  1o«  'evel  exdtafon. 


The  Faxma'  strain  was  measured  ever  the  stringe' 
edges  anc  a  bit  higher  on  tne  shorte'  side  of  tne 
sxin,  Therefore'the  strain  gauges  for  the  final  tests 
were  olaced  a:  this  sioe  lust  outside  of  the  stnnge'. 
the  measured  values  agree  w'th  the  ccmcutation  with  a. 
-uliy  connected  strings'.  Sut  during  the  fina'  tests 
the  st'a'n  gauges  :n  the  siin  very  often  aireadv  faa- 
leo  at  aOg'.'H:  and  for  couocn  i-i.  as  snown  in  fig. 
i-3.  the  'racture  acnearec  in  tne  r'vet  line,  This 
would  fit  better  t:  the  comcuiatidn  with  a  oonnectioh, 
between  sxir  and  stringer  just  by  the  rivet  as  shown  . 
in  Fig.  1-2.  So  effects  of  redistribution  o'  strain 
due  to  the  ir-.rease  of  the  excitation  level  c'  simole 
st'ess  concentnation  effects  may  have  some  influence, 
rh's  duest’cn  needs  deeoen  investigations  ov  comou- 
tions  and  tests. 

=ig.  a-;  gives  some  acne  details  of  the  'nfluence  of 
the  excitation  level.  Stnain  increases  with  tne  in¬ 
crease  of  the  excitafon  out  a  st'onger  influence  on 
the  frecuency  and  the  nooai  danc’ng  's  also  visible. 

Fig.  4-4  gives  some  in'cmation  on  the  influence  of 
the  oandwidth  of  excitation  ano  the  scatter  cf  tne 
test  results.  The  st'ain  dec'eases  with  tne  mc'ease  ' 
of  the  oandwidth  as  the  ”odai  OamDing  does  while  tne 
'reouenoies  snow  a  smaller  but  obocsite  terdencv, 

*he  scatte'  measured  'rem  'C  sarcies  eatn  is  diffe- 
'ent.  It  'eached  about  :  D.Sa  o^  tne  'reouenev;  :  3  % 
of  the  st'ain  ano  :  lot  of  the  mocai  oamcing. 

I:  IS  nemanxcb'e  that  10  d':'ferent  tests  sometimes 
snowed  the  same  scatter  as  10  efferent  ana'vses 
tne  taoe  data  of  cne  s''5ie  test. 

Ciffs'ent  eouicment  and  bandwidth  of  ana^vses  used 
also  show  tnei'  influence.  It  's  negiigib'e  fo'  the 
freouencies  dut  clea'iy  visible  fo'  the  damoing  and 
the  st'ain. 

^  nailv  i:  must  be  me'tioned  that  a  smaller  number  s' 
tne  domcosue  soecimens  showed  some  deviations  in  tne 
cehav'djr.  Fig.  4-5  gives  two  examcies.  Thev  are  found 
in  tne  strain  scectra  of  the  stringer  strain  gauges  a: 
lowe'  excicatior  levels. 

Conseduences  of  these  deviatio's  or  t'e  final  test 
results  could  not  be  detected. 

5.  'est  TcsJts 

5.1  Eisenfreouendies 

Taole  5. 1.-1  ccJiDaras  the  ifirst  svmmetn:''  eigen're- 
ouenc'es  of  the  couocns.  They  vary  between  0.3  and  3.5 
times  a  reference  value.  Tnis  'ndicates  that  ail  the 
advanced  materials  and  the  more  extensive  designs  'e- 
sult  in  more  st'ff  and  less  heavy  structures. 

The  in'luence  of  the  design  can  oe  seoarated  as  snown 
in  Tab'e  ;.'-3.  It  reacnes  factors  between  i  arc  i.5. 
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5.2  Nadai  Diaoina 

iheorettcally.  the  M5nitude  of  vibration  resoonse  is 
oroDortlonal  to  the  saua''e  root  of  the  laOal  datain^. 
Therefore  the  knowledge  of  reliable  dancin;  values  is 
fjndaiental  for  all  theoretical  studies  of  acoustic 
fatigue. 

first.  It  «ust  be  mentioned  tnat  tne  increase  of 
dapoing  uith  the  increase  of  the  excitation  level 
(s.  Fig.  i-2i  most  crobably  results  from  the  larger 
airdamoing  due  to  the  larger  vibration  amolitudes  at 
larger  excitations. 

Due  to  the  large  scatter  of  the  measured  values  ee* 
tails  of  the  measurement  and  final  conclusions  are 
given  in  Fig.  5.2-1  and  5.2-2. 

These  final  damsmg  values  vary  betaee'*  0.6  and  2. it 
of  the  critical. 

The  classical  aluminium  design  reaches  values  eetieen 

1.2  and  1.7  ahich  is  in  generally  smaller  than  tne 
value  of  1.7  as  used  m  the  ESOU  data  sheets. 

•nether  1.7  is  reached  at  the  flying  aircraft  due  to 
cressure  loading  at  a  much  smaller  excitation  level 
IS  a  Question  »hich  remains. 

The  'daicing'  material  aoelied  on  coucon  i-I  gave  o*!- 
ly  a  ooor  efficiency  tnough  it  increased  the  measured 
damoing  from  l.S  to  2.i.  that  means  by  about  3Ct. 
kluminium/lithium.  tPSLl  and  aluminium  layers  gave 
about  the  same  values  as  the  classical  aluiiniut 
.rMe  the  CFFP  materials  shoved  clearly  reduced 

V3 '  u63 . 

1:  IS  also  obvious  that  the  symmetric  designs  orodu- 
:ed  smaller  values  than  the  asymmetr-c  ones. 

5.3  Strain 

Strain  values  are  not  discussed  here  since  it  vas  not 
clear  that  the  strain  gauges  vere  really  olaced  at 
the  cricical  locations.  For  some  information,  see 

rgf  _  I  . 

5.4  Reached  Life  Times 

Fig,  5.4-1  shovs  the  smoothed  and  normalised  fme 
histones  of  the  measured  eigenfreouencies  from  vh’ch 
tne  reached  life  times  vena  dtcemined. 
first  of  all  one  can  see  ve'v  large  differences. 

Some  couDons  failed  after  l.i  minutes  I7-I  and  5-ivi. 
others  lasted  for  more  than  2'  hours  icne  soecimen  of 
s-IVi. 

The  scatter  tetveen  the  different  scecimens  of  one 
CQuocn  ’s  also  sometimes  rather  large  and  that  esoe- 
cially  for  the  CFRP  coucons.  The  soecimens  of  the 
test  couDon  t3-IV)  shoved  delamination  after  <2.  1346 
and  more  than  16C5  min.  but  vithout  major  freouency 
Decays. 

=-g.  5.4-2  gives  the  locations  of  the  final  fracture 


found  after  tne  tests. 

One  can  distinguish  cetveen: 

-  failure  of  concing.  if  there  are  no  rivets  i coucon 
6-Iii 

-  failure  of  the  reiativelv  veak  aluminium  stringens 
if  tney  are  used  together  »ith  the  stronger  CFRP 
svins  (Iv  and  Vi.  Fracture  at  tne  clamaing  for  asym¬ 
metric  and  at  the  stringer  radius  fcr  symmetric  cou- 
oons 

-  fibre  delaminaticns  in  the  triangle  betveen  skin  en: 
stringer  Iccuocn  m-IVI 

-  fracture  in  tne  shin  over  ;ne  ooutle'  eOge  i*  there  ; 
's  a  separate  ooubier.  ane  at  tne  sncrte'  svm  sice  • 
if  the  couDcn  is  asymmetric 

-  fracture  in  tne  milling  eoge  'f  tre  oouder  's  che¬ 
mically  milieo  (coucon  T-Ii 

-  fracture  in  the  rivet  line  of  tie  sk'n  if  tnere  is 
no  doubler 

I"  general  tne  failure  location  's  nean'v  indeeendent 
of  material. 

numbers  cf  the  life  time  in  minutes  reacrec  :»  tne 
different  couoon  (averaged  over  tre  tnrie  scecmensi 
i't  given  -n  Tab'e  s.i-3. 

Tnree  different  •siiure  crr.e'ia  vere  selected. 

Tne  first: 

2a  f'ecuencv  dec'ease  fr:m  tre  starti-g  ''e:uen:i  lat 
3ug*ip:!i. 

The  second: 

2a  freouency  cec'esse  from  the  settling  freouency 
vhile  the  settling  -‘reouency  nself  vss  chosen  in  tne 
midd'e  o‘  tne  largest  concave  curvature  is.  Fig.  3-2i 
of  the  smoothed  curves  of  freouency  over  time. 

The  trird: 

»t  the  coint  of  initial  fracture  vnich  vas  flefine:  'n 
tne  ndd'e  cf  the  largest  convex  cunvatu'e  i5.  =  ig.3-2i. 
c"  the  smoothed  curves. 

It  IS  remarkable  that  sometimes  all  the  three  cricena 
o’ve  aoout  the  same  life  fme  vnile  in  some  other  ca¬ 
ses  only  the  second  arc  the  third  criterion  result  m 
ecua’  values,  su:  also  tnree  ccmcleteiy  differen:  's- 
sults  can  be  founc. 

It  seems  tnat  these  e-fects  are  not  so  muon  oeoenoent 
on  :ne  material  but  on  tne  tyoe  of  design: 

couDons  vithout  doubler  ityoe  l  ano  4i  srov  chree 
different  values 

-  asymmetric  coucons  vith  doubler  Uvoe  2  and  31  snov 
three  eoual  values 

-  symaetn-  couoons  vich  doubler  ityoe  5  ano  'i  snov 
more  ni-  less  tvo  different  values. 
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Tre  auestiu';  ir.irefzn  j'lsjs  •nicr  critencf  is  tie 
sjs:  3(!e;K3:e  f:r  acciis:':  ’"aiisae  s'.'sn?;!;  sesas- 
stra'.to'is.  :«e  •'j't'er  cafisifleratians  carcerrins 
this  :cci:  are  also  3’<en  in  ref.  2. 

OCvious'r  It  tan  net  be  criterion  2  secause  there 
•cuitf  ce  no  'eserve  iefl  fo'  otne'  ioaoms  toniiticns 
iinich  are  cnec«ei  ’niecenoent’v  of  actostit  fati^ie. 
as  a'-'eady  aentionec. 

On  tre  otner  rand,  criterion  i  wiii  oernaos  ome  re- 
sjits  oecenotrq  too  *ucn  on  the  cnosen  erc’tation 
'evei  arc  couiO  be  too  stron:  «hi:n  i::,ij  'esu-t  m 
an'^ecessanly  h»j,,  airc'3't. 

*  f'"a'  ccrcius'on  cannot  ce  qive-  tods*,  “o'e  an: 
Seeoer  ’n.estiqations  s'e  necesss'y.  The*  ha<e  to 
cheer  •hetr'e'  the  inoebeniem  safety  a-alysii  fj'  Tc» 
ano  niqfi  o.^e  fat'qae  is  'eaiiy  reasonable  or  »ni- 
(CiOat'e  v:  irrM'  the  *itrati:n  teha«i:ur  of  tne 
coaoens  15  'eallr  rec'e$entat'*e  cf  the  »i:ratior:  ce- 
ravicur  of  tne  'eal’sfc  avc's^t  surface  structure. 

he<ertheies5.  Tao’e  5.*-3  qnes  a  qoca  survey  o»er 
tne  eeasjred  test  resu'ts.  Jut  coecansons  beunr 
tnese  different  results  mo  e*aluitiDns  'hould  be 
based  r.O'e  on  tne  'o'loninq. 

The  values  of  tne  leasureo  life  fae  *,  as  owen  m 
’able  5,1-3  are  vaii:  *or  an  eouai  footcomt  acceler¬ 
ation.  Tests  mtn  an  eoual  oressure  'bsd  on  tne  $>in 
c'  al'  ccucons  ccu'd  not  be  :e'*:rjed.  Jut  on  the 
assutotion  tnat  tne  O'essure  lea:  is  trocc'tionai  to 
tne  acce'e-aticn  sulfcl'ed  :<  the  mss  cf  the  sh’n 
and  the  aoditicnal  assueoticn  that  *'a:i:ue  eibonents 
as  q’ven  if  the  3-N  curves  o'  iJOii  '20!:  fic.  a  for 
aiuTiniu*  «ith  ccunte'sunr  cutt  holes  'i:  *.93i  and 
•h  -s'jii  siC2’  'iq.  2  for  C=r3  ij:  ;.i;i  are  valid, 
one  could  trv  to  transfer  tne  aeasured  life  tines 
•'or  eouai  acce'eraticn  I,  to  li'e  tires  for  eouai  ore¬ 
ssure  ",  b< 


're  results  a'e  qiver  in  Tac'e  5.i-i  as  ratios  :f 

t’t'Sl' 

inev  :Qo>  'atne'  0''‘erent  in  ccrcarison  «tth  the 
c'rect'y  leasu'e:  l"’e  tires,  tut  snould  al’o*  an 
evaluation  tlcse'  t:  the  real'tv  o'  the  airt'aft  uitr 
’ts  O'essure  loaoir:, 

I:  's  evioent  tnat  the  test  couoon  is  acre  tha-  '2 
t’res  tetter  than  the  reference  couccn.  uniie  t's 
verst  one  'eacneo  a  life  use  cf  less  than  j.i  fses 
tre  re'e'ence  Mfe  tire.  Tnat  is  a  larqe  rar.qe.  ^ur- 
t'errore.  't  ’3  cov’cus  tnat  C-Jn  is  tha  onlv  aase'- 
u'  bette'  than  tne  classical  a’usiniur.  if  it  'S  not 
ocsoineo  v't'  aiuiin'ur  strince's.  ’ure  conoin:  o' 
C'SP  vitncut  rivets  is  rather  danqerous  uitr  rescect 
t:  acoustK  fatique  is.  '-'VI, 

HuiiniuR' 1 it-;us.  Afiui  arc  aiusiniua  layers  are  no: 


as  coco  as  tre  olassioai  aiuniniui. 

The  di'ferert  efficiency  of  tne  different  ooucdns  is 
resim.able  i'  o.ne  corcares  me  different  failure  cri¬ 
teria. 

The  last  table  :.a-5  allcKS  a  clearer  sur*e*  over  the 
influence  of  me  des’qn  on  life  tise.  Different  ratios 
o'  "ire  tise  T,.../Tn,..  are  qiven.  Tnouqh  mere  is 
obvicusit  sose  influence  of  the  satenals  and  cf  the 
failure  criuncn  or*  can  say  mat  for  the  oisersions 
ano  oohd't'ons  of  thi:  studv: 

-  th*  sdditio"  of  a  seoarcte  doubler  uill  qive  me 
Ii'qest  increase  of  life  tii* 

"  tut  tre  influence  ts  larqe'  on  ssyssetne  mar.  on 
syfuetnc  coucohs 

-  in  qenerai  mtiqraied  doub'er  are  not  so  effective. 
m*v  :oui:  even  'educe  tne  li'a  iis* 

"  chiB'ciM)  h'iled  'doubler'  produce  the  stronqest 
reduction 

-  the  addition  of  a  second  stnnqer  anql*  also  increa¬ 
ses  the  life  tite 

"  tut  for  couDons  »ith  stdiriti  doublers  the  influ- 
ihce  IS  'amir  smU  or  iven  niqative. 

S.  Conclusions 

-  fitiqu*  'esults  frof  shake'  tests  ire  rot  eouai  to 
the  fatique  fr:<  pressure  iotdinqs.  but  can  oe  taoe. 
cctcarible. 

-  strain  distriomion.  frecuency  and  oaioinq  ray  de- 
:*nd  on  me  level  loadirq. 

-  The  asouht  of  scatte'  is  relatively  large. 

-  Test  ihd  analysis  eouitrent  has  sore  influence. 

-  nevertheless  the  cosoanson  of  tn*  test  results 
sneued  clear  tendencies. 

-  Ill  me  ne»  ratenils  all;*  lighter  structures  •ith 
hiqrer  eiqenf'eouencies. 

-  "ost  of  tne  darting  values  found  »ere  sraller  than 
the  values  given  in  EsDu. 

-  C'n?  rate'iais  nave  lower  daramg  than  alurinun. 

-  sysiet'ical  coudons  oroduce  ssaller  daro’ng  values 
than  isyrretncal  ones, 

-  The  classical  alur'niut  is  strl  a  good  rate'ial 
orly  su'oassed  by  C?'-. 

C^ru  ta«  be  several  tires  better  while  alumhiuif 
I'thiut.  IniLL  ano  even  aiurir.iur  layers  are 
sligrtly  worse  in  ccrosnson  with  the  classical 
alus’iiur. 

-  Mach  iroroverent  is  also  cossible  by  the  oesign. 
host  effective  are  seoa'ate  doublers  while  chemi¬ 
cally  -iliec  'Ooublers'  reduce  the  lue  tire 
strongly. 

-  The  aoDlication  of  a  daroino  raterial  gave  only  ooor 
ircroverents. 

-  Bonding  without  nvets  gave  the  worst  results. 

-  Jvrretnc  couocns  gave  no  larger  iroroverert  con- 
sareo  with  asyrretri:  ones. 

-  Stress  concentration  effects  most  orobably  contri- 


strain  £{dB) 


Table  2-2  COMPARISON  OF  THE  WEIGHT  RATIOS  OF  THE  COUPONS 


0  125  250  375  500  625  750  875  1000  0  125  250  375  500  625  750  875  1000 

frequency  (Hz)  frequency  (Hz) 


Fig.  3-1  AUTOSPECTRUM  OF  STRAIN  IN  SKIN 

(coupon  8- IV;  two  different  oandwidths  of  excitation;  Af=2.5  Hz) 
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test  time  t  (min) 

Fig.  3-2  DECAY  OF  EIGENFREQUENCY 
coupon  5-11 


Fig.  4- 1  TYPICAL  MODE  SHAPES 
OF  COUPON  1-1 
InHutnot  of  rlvot  modtiing 


Erme 

lum/ml 


Fl«.4-a  STRAIN  DISTRIIUnON 
IN8KIN(eoupeii1-l, 
ig*/Hi:  100-1000  Hi) 


type  of 
design 

tR 

[mm] 

bR 

[mm] 

ts 

[mm] 

1 

0 

0 

1.8 

2 

0.6 

28 

1.8 

3 

0.625 

28 

1.8 

4 

0 

0 

2x1.6 

5 

0.6 

46 

2x1.6 

6 

0.625 

54 

2x1.5 

7-1 

0.6 

46 

2x1.6 

7-... 

0.625 

46 

2x1.6 

8 

0 

0 

1.5 

1bb.2-1 


Flo.  4-3  INFLUENCE  OF  DCCITATION 
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aMMARY 

A  suntmary  of  McDonnell  Douglas  Aerospaces  (MDA) 
capability  for  treating  acoustic  loading  on  mtKiem  fighter 
aircraft  structure  is  given.  A  brief  overview  of  techniques 
that  were  developed  since  the  mid- 70s  are  presented.  In 
the  mid  1070's,  the  iniruduction  of  cont|H>siies  and  new- 
metallic  structure  fuhricaiion  ctuucpLs  such  us  Su|vr 
Plastic  Fomtcd/Dirfu.sion  Bonding  (SPF/DB)  suddenly 
required  new  analysis  procedures.  In  addition,  the  t980's 
brought  the  additional  complications  of  structures  exposed 
to  high  ihcnnal  and  acoustic  environiucnts  on  such  vehicles 
as  the  AV-8B  Harrier  11  and  National  Aerospace  l^ane 
(NASP).  MciIkkK  dcveloiK'd  to  handle  these  new  material 
forms,  intense  noise,  and  ihemial  loads  are  discussed.  Ilie 
mtluenccs  of  nonlinear  structural  res|Minscs  tm  fatigue  life 
due  to  combined  louil  environments  is  also  discussed. 
Additional  devehqmienui  in  thermal  acmistie  testing 
capability  are  also  discussed. 

t  iMKunicriw 

While  aciuistic  loading  was  always  |»rsscnt  in  mmuc  form 
since  uircraf*  first  Hew,  the  advent  of  the  )el  engine 
drastically  changed  the  level  oi  iiiiensiiy  (Htssibk-.  Also, 
with  tIuN  increased  iiower.  the  ability  to  By  lasiei  produced 
new  leseU  oi  acrulytiaimc  noiHv  In  the  mid  7ds.  tlw 
rntrodiKiion  of  vom|Mwite  materials,  new  metallic  alloys 
and  new  manulaclurmg  tvcliniques  .  such  as  Suiwr  llaxlic 
Formeil/Dtffuium  Bumimg  (.SPF/DR)  were  ikselopcd  to 
IHomote  increased  perfonnaiwe  and  weight  savings.  Hucse 
new  matertals  were  required  lu  meet  even  more  stringent 
noise,  temperature,  and  faiigus  requirements  on  the 
aircraft  Both  highly  maneuverable  aircraft  such  as  the  F  H 
F.ag)e  and  Vertical/Shiv*  TAv  off  ami  luting  tVSTtH  t 
aircrall  sush  as  the  AV  KB  Hamer  tl  pii»e«l  many  new 
challenges  including  nqsiraivd  How.  Ikh  |duines.  tuu  diwtc 
and  simipitfs  exit  mualec  Thc«c  decigtu  iknsivned 
extremely  complex  p«oNem»  ol  high  temtwraiuie  vibro 
aeousiic  applications,  considered  to  Sc  unique  to  these 
aircraft  This  tiiuaiion  quickly  dwtated  the  need  for  new 
methods  and  new  test  teshniques  to  treat  strength,  fatigue 
and  dynamic  design  tequiretnenu. 

partisulat  intcrtsi  wax  the  asoosiH  latigue  proNem 
sime  It  IS  the  aggregaium  of  all  ol  these  disciplines  The 


designer  whs  now  fueei!  w-iih  a  two  fold  problem  of 
understanding  ihc  material  (tegrudation  behavior  il.sclf  us 
well  as  developing  structural  response  prediction  melhixis 
for  componenLs  which  may  include  thermal,  mechanical 
and  nimlincur  influences.  The  challenge  fi>r  these  new 
malcriul  forms,  manufacturing  techniques  and  structural 
applications,  was  to  develop  an  applicable  ucoustie  iatigue 
design  methodology.  A  nrief  summary  of  the  work  since 
the  mid-70's  including  imlay's  developing  capability  at 
MDA  is  outlined. 

a..immc.u.utiYtxmaiK.M 

Acou.<iic  fatigue  melhiNlv  uiiti/cd  at  MDA  over  the  past  2P 
years  arc  summun/eil  in  Figure  I  Many  viable  techniques 
were  develiqied  by  industry  and  academia  in  this  lime 
iwnod  ami  this  list  is  not  intended  to  lie  comprehensive  but 
rather  a  liaA  at  the  techniques  vmpluyed  in  firaclicc  on 
MDA's  aircraft  structures.  Ihc  ))ro  P>75  approaches  are 
shown  for  reference,  at  which  lime  the  usual  mcUiod 
coioisUsI  of  either  slandafil  hamIhisA  nlealircd  ap|>roaihcs 
hw  panel  structures  ta  simple  analytical  calculations 
considering  only  basic  nnslal  characteristics.  Testing  was 
usedextcnsivcK  loiu-  gmem  ihesv-  results 

Earl)  in  the  U>7X  imkk  |icrtod  ihv  Stanc  Fatigue  Design 
Guide  For  Military  Auerati  (Bel  U  was  released.  This 
ihicumeni  cci(nhir.ed  Kah  theoretical  and  empirK‘al  results 
to  riirm  Useful  equations  fu;  the  analysis  id  tmuiy  modern 
auvralt  structural  components.  tuKiopic  hi  siiifened 
structural  response  cquaimns  were  adcqucd  lor  use  m  the 
design  of  typical  fuselage  structural  components  under 
manmal  ac^tuslic  loading  conditions  These  semi  empifKal 
equatuais  include  the  effect  of  chem  mtilmg.  rivet  type, 
hide  tytv.  and  static  pressures  While  these  techniques  were 
considered  robust  fur  the  specific  structural  configuration 
id  a  hi  stiffened  imtnqHs  panel,  the  emergence  id 
siKitpiMtie  structures  m  this  time  Itame  lequifed  a 
considcrahly  Uilfeiem  aiqiiitach.  Here  a  sharp  departure 
was  made  from  prior  approaches.  Since  ser>  limcvd  test 
data  existed  for  c*o  cured  le  post  cured  si.uened  compoaiie 
siruclutes.  MDA  began  ui  chatacieriae  these  new  materials 
vattAsively  tn  order  to  oublish  the  mIKctieea  u(  pro  toad, 
lemiwrature.  manufacturing  teehiuque  .  and  thermal 
mc'cHamcal  cuuplmg  on  fatigue  hie  Analytical 
ueveUquiients  wvte  concentrated  vui  equivalent  single 


CagofiAutioiey  2KFB  t26lthKl)l 


frriMiigil  m  #  m  Aamttk  Umh  m  AfrmBfl  SlriK'iiirri*  Mi  fN  LfftefMwirr.  Ntmurnt^  Mty  1994. 


14-2 


degree  of  freedom  equations  for  simple  composite  panel 
material  systems.  These  methods  coupled  with 
experimental  validation  yielded  gross  approximations  to 
structural  response  and  fatigue  life  of  complex  eompositc 
structures  and  provided  the  necessary  foundation  for  future 
developments.  During  this  time  pci-od  as  well,  more 
detailed  effects  on  composite  structural  behavior  became 
available  in  linear,  nonlinear  and  thermal  effects.  (Refs. 
2,3)  Throughout  this  entire  time  period,  NASTRAN  was 
used  as  the  major  workhorse  fur  analyzing  detailed 
composite  structures  where  panel  level  equations  were  nut 
adequate.  Other  multi-purpose  finite  clement  codes  such  as 
ABAQDS,  ANSYS,  NISA,  and  MARC  were  also  evaluated 
but  did  nut  prove  as  robust. 

During  this  same  time  period,  methods  to  analyze  SPF/DB 
metallic  parts  were  also  addressed  To  analyze  panel-type 
structures  a  local-global  analysis  procedure  was  utilized. 
Overall  panel  response  was  treated  by  using  an  equivalent 
"siueated  stiffness "  approach  to  predict  global  level  strains. 
Local  panel  response  was  then  performed  at  the  stiffener 
level  to  address  the  added  high  frequency  and  stress 
concentration  effects. 

By  I9MH,  linear  elastic  response  of  isotropic  and  composite 
panel  type  structures  was  fairly  well  understood.  The 
primary  emphasis  in  this  period  was  the  dcvelopnienl  of 
techniques  which  could  incorporate  combined  loading 
condilioru  and  nonlinear  structural  rt  ise  behaviiir  in 
iinler  to  predict  more  accurate  fatigue  l..cs.  In  addition, 
diuiiig  this  lime  frame  the  N ASP  program  was  devehiping 
very  complicated  built  up  structural  concepts  which  had  to 
survive  temperatures  near  JOniPF  ami  acoustic  luails 
etceeding  I  HO  dB.  These  combined  toad  cnvinmmcntt 
induced  the  added  cumplicainm  of  mmlinear  siruciural 
res|kmsc  behavior.  To  address  this  behavior  a  nonlinear 
response  code  for  bi  stiffened  composite  panels  was 
created  (Ref  4)  This  investigation  showed  that  random 
respimse  for  a  classical  mmlinear  duffing  iMcillauir  system 
does  mn  eshibit  the  same  respimse  charactensin.'s  as 
sinusoidal  excitatiim  (Figure  2l  This  meihist  esptainrd  the 
ap|iaienl  widening  of  the  band  for  tamlimi  respimse  cases. 
To  extend  this  research,  in  IdMO  MDA  in  cimjuncinm  with 
NA.SA  tamgley  Research  Center  Structural  AcoustKs 
Branch  co-tkveloped  a  finite  elemcot  based  nsmluicar 
respimse  code  which  was  capable  of  antlyring  built-up 
multi  material  C(im|uwiie  structures  under  thermal  and 
acoustic  loads  This  tescareb  was  based  on  the  work  sd  hdcl 
and  Locke  dtseussed  m  References  k  amt  b  The  new  emk 
was  emitted  'Thermat  Acoustic  Response  and  Fatigue  of 
IVc  Ruckled  and  Ami  Buckled  Structures'*  iTAPSi  The 
code  was  also  developed  bi  include  an  cstenstsc  material 
database  and  automaird  flight  pruli.  fatigue  fife  prtdisliuo 
system  tRcf.  7i  Resuhs  arc  desstihesl  later  in  this  pa|sn 
Rrcenily  NASA  Langley  Research  Cenici  has  uisorpiaaicd 
the  same  mmlinear  siiusturaf  ncs|Mnsc  formulation  into 
NA.STRAN  VfcT 


Future  work  in  the  acoustic  fatigue  of  aircraft  structures  is 
directed  towards  the  linking  of  codes  such  as  TAPS  which 
addresses  panel  level  response  and  fatigue  to  NASTRAN 
which  can  address  larger  scale  aircraft  structural  response 
issues.  This  is  pari  of  a  much  larger  effort  to  establish  a 
global-local  optimization  procedure  for  aircraft  structures 
exposed  to  sialic,  dynamic,  thermal,  and  aerodynamic 
loads. 

3  TKSTlXfi  CAPABILITY 

Testing  capability  to  characterize  advanced  materials  for 
acoustic  fatigue  has  steadily  advanced,  with  the  current 
capability  depicted  in  Figure  3.  The  baseline  progressive 
wave  chamber  has  a  icsl  scclion  roughly  72“  x  36“  x  7". 
The  siruciural  icsi  section  size  can  range  from  72"  x  36“  to 
12"  X  12“  A  sining  box-like  enclosure  can  be  motmlcd  to 
the  panel  backside  for  pressure  tests  and  or  temperature 
tests.  Noise  levels  of  up  to  I7|  dR  broad  hand  and  up  to 
174  dB  narrow  band  can  be  produced  using  grazing 
incidence  eicilailon. 


The  progressive  wave  chamber  was  upgraded  in  I  WO  lo 
handle  higher  temperature  and  noise  requircmenii  of  new 
advanced  aircraft  programs  by  the  addiliim  of  quart<  lamp 
bank  assemblies  across  the  lest  sectiim.  These  then  provide 
a  heal  flux  on  the  noise  side  of  the  panel.  The  three  section 
quartz  lamp  band  assembly  can  obtain  a  local  panel 
temperature  up  to  l2llfi"F  over  a  .36“  x  30“  region 
Numertms  panels  and  substructures  have  been  leaied  in  this 
facility  lo  validate  onalyiical  prediclions  and  evaluate 
durabitily  or  aiicrafi  componenis  (Refs  ll,<)). 

The  high  temperature  elecirodynamic  shaker  has  heen  used 
lo  characterize  random  fatigue  of  advanced  maWfiaU 
systems  up  lo  2000  F  such  as  Carbtm  Caihon.  Titanium 
Metal  Matrix  compuailex  iThtC).  Carhim-Epoxy.  Ceramic 
Malnx  CiunptMiies  (CMC I,  and  many  others  (Ref.  |0>.  The 
syxiem  uses  four  quartz  tampa  and  a  reneelot  plate  to 
obtain  uniform  thermal  profiles  on  ihe  coupon  specimens 
A  mw  ciailasling  laser  sihrsimeter  is  used  lo  measure 
response  al  high  lempetaturvs  when  sirim  gages  pisrce 
incflesiise  The  random  strain  b>  failure  data  generated  in 
this  las  liny  Is  on  inlegtal  part  lor  full  scale  acoustic  fatigue 
life  ptcdieiisms 

A  nKSsHIN  AWNItUt  HkIt 

The  level  of  emnpWally  of  an  aesmstk  fatigue  anatysis  for 
an  aiivtaft  pan  is  dependent  on  Its  structural  type,  kwdtng 
condutsets.  maieital  informaiion  asarlahUiiy  and  destgn 
spccilkatums  Figure  4  summarizes  the  general  design 
procvihire  used  to  exaluaie  strucluicv  lor  aesmsue  fatigue 
file  ,As  metuktoed  cailiet.  tyius'al  bt  sidtenrd  HiMnpK 
sintetute  IS  inalyzcd  lot  NaiMise  with  a  senea  of 
spaciaiizcd  cemi  empuical  csmitMiei  (msgiama.  If  a 
structuie  m  question  can  be  treated  as  a  eumpOMie  at  buih 
ap  pwscl.  the  Taps  sick  ts  used  fot  lespnme  analyses 


iz 
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When  a  amictural  part  lx.:onies  very  compica,  such  as  a 
contoured  inlet  duct,  more  elaborate  approaches  such  as 
NASTRAN  are  implemented.  Ail  of  these  methods  produce 
a  series  of  random  strain  values  from  acoustic  excitation 
which  are  analyzed  through  a  sonic  fatigue  material 
database  for  ultimate  fatigue  life.  When  analyses  arc 
performed  at  the  panel  level,  the  option  to  evaluate  the 
structure  fur  a  given  flight  proftlc  loading  spectrum  is  also 
available.  Depending  on  the  application,  testing  in  the 
acoustic  chamber  or  on  the  electrodynamic  shaker  can  be 
used  tor  validation  of  fatigue  predictions  or  qualification 
testing.  All  of  these  approaches  assume  the  existence  of 
some  sort  of  dynamic  strain  to  failure  material  information. 
This  information  must  be  generated  in  the  form  of  random 
strain  to  failure  curves  in  order  fur  any  acoustic  or 
combined  load  fatigue  lives  to  be  predicted.  These  design 
ap(>roaches  have  been  proven  over  the  past  2-  years  to  be 
cost  effective  and  applicable  to  the  design  ol  fighter 
aiicrall  structures  for  the  F  15.  AV -SB,  F/A  IS.  NASP.  T- 
45.  YF  i,'  and  luhcr  advanced  flight  vehicles  iFig  5) 

5  ItFSll.rSANUKK  VMPLKS 

To  demonstrate  in  the  simplest  manner  the  impsiriamc  of 
using  the  eurreci  analysis  melhml  fia  acousiK  fatigue, 
consHler  Figure  b.  Mere  results  front  an  itoiropie  IP's 
'tn5  Tb  Aluminum  panel  tested  in  MDAs 
progressive  wave  chamber  are  slwiwrn  The  panel  was 
clamiied  on  all  soles  rigidly  with  a  bulled  v>in>u.'viHio  Test 
results  are  sluiwn  along  with  the  analytical  isredivtions  liu  a 
sanely  ol  computaiisuial  uhenies  The  sinqslc  one  degree 
of  lis^'dom  linear  theory  iKet,  Hi  and  semi  vmpiiical  M 
bay  equation  iRef  li  predict  res|winces  well  afwse  the 
rstsrnmental  data  at  the  high  dB  levels  I'sing  the 
mmliiKar  response  lomiulalion  in  the  TAPS  code,  mcieh 
improccd  results  are  obtained  at  the  higher  dR  levels 
These  tesulis  indlsale  ihe  itnporiancv  that  the  designer 
must  rvalirc  in  using  the  si«rest  struciuial  leptvsentation 
atul  lequmse  equations  Scuneiinies  linear  tfscory  van 
severely  pritalire  the  structural  weight  hreause  -d  mer 
ihrogning  the  pall  hi  mc^'l  uitteahciis  strain  iesvis  Wlule 
this  viinsTusiiin  seems  qwle  idHUUn.  quite  frequentls  these 
simple  design  rules  ale  ignored  in  the  fiteiaiuie  aiwl  in 
prasine 

Til  illisttale  Ihe  added  complualion  id  a  stifleKed 
somposilc  siruiiiiie,  consider  Figure  ^  tteie  a  three  hay 
(flaphoeifitwct  panel  tesis'd  at  MITA  in  lUMIi »  ehown  In 
this  s  ase.  Ihe  standard  hi  sidlened  mdrsipH  panel  rquatadis 
were  ubSHmsIy  not  applicable  nhde  the  TAPS  evade  wax 
Vmpte  cingle  degree  (lesihun  linear  ibcsuy  is  stwawn  lor 
compatissdi  The  first  strain  gage  (wniiwis  lei  the  edge  id 
Ihe  pallet  responds  very  Imearly  sotlKuhal  fselucvn  a  fully 
stamped  esuwliiuw  and  a  slampesi  simple  supper  sieubium 
TTus  result  is  espeeted  Kg  the  Udcresimg  puiu  m  tins  ea« 
IS  iineac  single  degtes  id  freeshan  ibvsey  he  a  ssenpktely 
slaanped  panel  sigmlieaMly  under  prvslists  the  snam 
respenr  The  seeseul  siram  pnoum  Klusvs  mueh  route 


non-lincarly  than  the  first.  It  is  evident  that  the  response 
again  fulls  between  a  fully  clamped  panel  and  a  panel 
which  is  clamped-simple  supported  but  in  a  nonlinear 
fashion.  The  linear  theory  significantly  over-predicts  the 
response  at  high  dB  levels.  This  example  again  illustrates 
the  need  to  have  a  robust  response  prediction  tool  for 
compisiic  structures  where  design  book  guidelines  may  not 
apply.  The  last  design  example.  Figure  8.  is  in  Ihe 
calculation  of  the  fatigue  life  of  a  TMC  panel  used  in  the 
NASP  program.  The  first  line  indicates  the -baseline  fatigue 
life  of  the  panel  was  analyzed  using  linear  single-degrce- 
of-frccdtim  theory  and  sinacoidaly  generated  low  frequency 
fatigue  data.  Obvicuisly  fur  acoustic  fatigue  analyses, 
random  fatigue  data  is  required.  This  lowers  the  fatigue  life 
hy  855’i.  for  this  example,  as  is  shown  in  the  second  line. 
Using  sinusoidal  fatigue  data  tn  conjunction  with  nonlinear 
resptnsc  theory,  an  overall  lifetime  improvement  of  51%  is 
realized  and  is  shown  if  the  third  line.  Hence,  using 
nonlinear  respmsc  ihciwy  in  CMijunciiim  with  incurreet 
material  popertics  can  results  in  very  non  cunservative 
designs  When  the  concct  random  fatigue  data  is  used  with 
nonlmcar  respmsc  ihcury.  the  fatigue  life  is  now  47% 
lower  that  the  hascline  scenario  in  bne  one.  Hence, 
comparing  lines  two  and  four  of  this  figure,  a  factor  of  ) 
impioscmeni  in  fatigue  life  it  realized  between  a 
Itneat/sinuuwdal  analysis  and  a  nonlinear/random  analysis 
The  latter  design  pfoceduic-  will  hence  reduce  structural 
weight  since  fatigue  life  has  been  improved  This  example 
does  mq  inslusle  iK  cllects  such  as  thermal  and  meehanieal 
pe  loasi,  hut  rather  illustrates  the  punt  that  as'uustie 
fatigue  lile  pediciiims  must  he  petlormoi  wqh  a  firm 
knuwWdgv  id  the  sttuiiwal  system  and  luatpial 
that  at  tvnsiics 

a  t  «i\a  i  i  iMsgttUKMAMifq 

MDAs  meduals  Kwh  esprrtmeniai  and  analyiieal  have 
idvamed  stgnilKanlly  sinte  the  ma)  Tos  This  teehnolngy 
•as  spurtvtl  hy  the  advent  td  lompsstie  maiettal  pro^rlies. 
new  Ofustual  stwligutatuais  and  htghct  luuse  levels  which 
pused  a  iww  shallengv  lu  iKr  designer  Ttaiay's  analysts 
leehniqus'v  lange  lium  sim|de  panel  stake  Ini  tstursqits 
sirwiMss  b>  fully  msidsesl  ftntic  ekmciu  rouikls  <o> 
tsunplhalesl  ciunpistU-  situcluies  In  etlker  vase.  II  has 
heeb  shtsun  ihai  the  soru'sl  Itneaa  P  nonlinear  siruttwal 
nesprose  liwmulaiitin  ts  tmpcraiivv  in  iduaming  Kbabk 
levulls  Wllii  adnpiate  kiutwlctlge  of  ihe  tankan  cxsiiallun 
maktial  tTsatacxcrisiKs  td  a  new  siiuctPal  sysaem  early  m 
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Time  Period 

Acoustic  Fatigue  Techniques  Applied 

Pre-1975 

*  Panel  Analysis  Using  Seml-Empirical  Equations  or  Simple  Model 
Olfferentlal  Evaluations 

*  Limited  Use  of  Finite  Element  Theory 

*  Heavy  Use  of  Experimental  Results 

1975  -  1988 

>  Sonic  Fatigue  Guide  Semi-Empirical  Equations  Used  for  Bi-Stilfened 
Isotropic  Structures 

•  Composite  Parts  Analytical  tAlith  Single  DOF  Equations 

•  Jacobsen's  Methods  Extended 

•  Heavy  Experimental  Characterization  of  Composite  Materials 

•  Combined  Load  Effects  Considered  in  Fatigue 

•  Techniques  Applied  to  Aircraft  Projects 

•  Finite  Element  Codes  Used  tor  Large  Scale  Analyses 

1 988  •  Pfesenl 

•  Nonlinear  Response  Effects  Developed  Into  Multi-Mode  Equations 
(NRAP  Code) 

•  TAPS  Coda  Developed  to  Handle  Combined  Load  Conditions. 

Thermal  Loads,  Composites.  Fatigue  Database,  Flight  Profiles 

•  Techniques  Implemented  on  NASP  and  Other  Aircraft  Programs 

•  NASTRAN  Used  Heavily  for  Large  Structure  Analysis 

Future 

Multi-Oisciplined  Optimization  of  Strength  and  Acoustic  Fatigue  Research 
Using  NASTRAN  TAPS,  and  Other  Analysie  Codes 

V 

Figurt  1,  McOonntil  OougiM  Aarotpaet  Acoustic  Paf^gut  Mathoda  Dtvtiopmant 
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Flgui«4.  Acoustic  FMIgut  DM(gn  Approach 
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1.  SUMMARY 

Based  on  the  acoustic  fati(,ue  endurance  curve  of  CFRP- 
probes  (Carbon  Fibre  Reinforced  Plastic)  obtained 
within  the  BRITE  EURAM  PROGRAMME 
"ACOUFAT"  funher  investigations  have  been  carried 
out  with  respect  to 

•  nonlinearities  in  the  mciisuremenis  for  the  calibration 
of  the  different  transducers 

•  effects  of  residual  stren  gth  for  ihe  coupons 

•  effects  of  moisture  an<  temperature  in  the  material  due 
to  storage  and  testing  in  humid  environment 

The  sum  of  these  cffe«  is  leads  for  one  choosen  coupon 
type  to  a  reduction  of  the  .illowabic  strain  in  the  range  of 
high  cycles  by  a  factor  >  4  compared  to  the  value 
obtained  originally  for  the  coupon  using  the  3  S  failure 
criterion  and  tested  at  room  temperature.  The 
modincatiuns  are  con.'hlcred  step  by  step  and  the 
resulting  curve  is  given  m  this  paper. 

2.  INTRODUCTION 

The  application  of  advanced  materials  as  CFRP  tends  to 
increase  in  the  construe  on  of  airplanes  due  to  their  high 
strength  at  low  speciOr  weight.  Large  efforts  are  ma^ 
by  the  aircraft  manufbrntren  in  order  to  qualify  their 
structures,  to  avoid  man  'cnance  problems  for  those  parts 
eaposed  to  large  nois>  levels  and  to  define  weight 
optimised  design  soluif  4  against  acoustic  fatigue. 

For  the  investigation  of  *'  e  acoustic  fhtigue  parameters 
N  during  the  biUTE  EURAM  PROGRAMME 
'ACOUFAT  (1)  in  1992  tests  were  cairied  out  with 
eight  difRtreiu  types  of  CFRP  coupons. 

This  programme  defined  at  a  pilot  phase  was  aimed  to 
undetuand  about  the  CFRP  fteigue  behaviour  and  to 
derive  appropriate  test  and  analysit  ptoced.'rcs. 

Because  of  the  limitations  within  the  EC  programme 
fimher  hivesiigaiions  went  petfermed  to  gain  better 
confidenee  in  the  results  and  to  increase  the  knowledge 
about  the  influcncct  of  moislute  and  temperature  in  the 
material.  Another  imponant  issue  it  the  definhioo  of  the 
bihire  criiirit  including  possible  reductioas  of  the 
rcsiduai  strengdi  for  CFRP  material  under  acoustic  toads. 
This  paper  dteusMS  ftmher  investigatioos  based  on  the 
fbtiguc  rctuht  of  the  coupon  type  No  7  from 
'ACOUFAT  caciisd  by  timulmcd  acoustic  ioads  using 
a  dynamic  shaker. 

The  calibrailjn  procedure  of  the  measuring  devices  hat 
beta  improved  by  considecing  the  lineariiy  of  dm 


response  versus  the  input  load. 

For  the  compensation  of  the  residual  strength  reduction 
Ihe  failure  criterion  is  redefined. 

Additionally  for  this  coupon  type  the  influence  of  the 
storage  and  testing  in  humid  environment  on  the  Cp^,/  N 
-  curve  is  investigated  by  read  across  from  the  results  of 
other  specimens. 

Considering  all  influences  a  recalculated  lifetime  curve 
is  given  taking  into  account  safety  margins. 

Based  on  these  considerations  further  investigations  are 
needed  for  the  verification  of  the  measurement  and 
analysis  procedures  as  well  as  the  definition  of  the 
failure  criterion  for  deriving  the  N  •  curves. 

3.  TEST  SPECIMEN 

The  considered  coupon  (type  7)  consists  of  a  skin  with  S 
plies  (I mm)  which  was  reinforced  by  a  cocured  landing 
($  plies)  A  L'Strtnger  was  bolted  with  Hi>Lok  with  a 
scaling  material  implemented  between  stringer  and  skin. 
The  dimensions  (in  mm)  and  lay  up  directioni  are  given 
in  Fig  I . 


Ffg./.'  Dimtmiom  tfitm  ‘ACOUFAT"  7 
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4.  TEST  PROCEDURE 

Three  specimens  were  tested  simultaniously  fixed  by  a 
clamping  device  which  was  mounted  on  the  excitation 
table  of  the  shaker  (Fig  2).  On  this  device  an 
accelerometer  was  installed  for  reference  and  shaker 
control  as  well.  The  random  vibration  load  was  produced 
by  a  dynamic  shaker  SA30-V560/  Unholtz-Dickie 
controlled  by  a  random  signal  generator .  For  the  tests  at 
high  and  low  temperature  and  within  humid  environment 
a  climate  chamber  was  used.  The  data  were  digitized 
after  amplification  and  analysed  with  a  PC.  The 
measurement  intervals  were  at  the  beginning  S  seconds 
and  increased  with  the  test  time  up  to  10  minutes.  The 
test  facility  is  shown  schematically  in  Fig.3. 


Fig.  2:  Coupons  mountodon  ih»  tscitoHon  labh 


^  v'uwtcuvsn 


Preliminary  tests  to  obtain  the  strain  distribution  on  the 
skin  surface,  resonance  tests  to  determine  the  frequency 
of  the  lowest  symmetric  bending  mode  and  its  damping 
coefficient  for  low  excitation  levels  were  performed. 
Additionally  linearity  checks  under  static  loading  have 
been  made  as  descrit^d  in  the  ESDU  93027  [2]. 

Foil  strain  gauges  were  bonded  at  the  surface  for 
measuring  the  strain  in  the  outer  laminate  at  the  locations 
of  the  maximum  strain.  Since  the  strain  gauges  operate 
only  properly  for  a  limited  time  an  optical  diode  was 
used  to  measure  the  deflection  of  the  skin  additionally. 
Its  signal  is  proportinal  to  the  maximum  strain.  The 
diode  was  calibrated  by  the  strain  gauge.  The 
measurement  area  of  the  strain  gauges  was  1.2  x  I.S 
mm.  The  diode  was  combined  with  an  optical  fiber  to 
enable  measurements  in  the  climate  chamber. 

5.  ANALYSIS 

The  measurements  of  strain,  deflection  and  excitation 
load  started  generally  before  the  ramping  phase  of  the 
shaker  to  obtain  the  frequency  of  the  specimens  and  the 
damping  values  for  the  structure  unaffected  by  fatigue  at 
the  very  beginning  of  the  test.  At  that  time  the  load  level 
was  20  dB  below  the  steady  state  excitation  level.  For 
example  0.4  gVHz  was  the  start  level  at  the  ramping 
phase  for  the  40  gVHz  excitation  level.  The  modal 
eigenfrcquency  and  damping  value  was  detemtined 
using  a  SDOF  (single  degree  of  fteedom)  curve  fit  to  the 
transfer  function  from  strain  to  input  load  for  strain 
gauges  and  to  the  response  displacement  to  input 
displacement  for  the  diode.  Examples  for  the  transfer 
ftinction  (magnitude  and  phase),  the  mts  strain  spectrum 
and  the  rms  input  spectrum  are  given  in  Fig. 


'  1  i  1 

'j  1 

— - j 

■Wi— - 

^  !  T 

1 - — nr  “*1 

!r - 1 

Fig  i  TtsifitcilU}' 

The  eodunne*  mu  were  pufoniMd  for  four  kwd  levels 
to  obtain  several  N  potntt  far  esiabUsbint  the 
lifetime  curve.  The  ftequcncy  bandwidth  was  chosen  in 
order  to  excite  only  the  nrst  symmetrical  eigenmode  of 
the  three  specimans.  The  maximum  bandwidth  was 
about  70  Hi  depending  on  the  shaher  psifbnaance. 
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6.  CALIBRATION  OF  THE  OPTICAL  DIODE 
Due  to  the  early  failure  of  the  strain  gauge,  in  general 
during  the  ramping  phase  of  the  shaker  at  high  level 
excitations,  the  diode  had  to  be  calibrated  using  the  first 
measuring  sequencies.  A  calibration  example  is  given  in 
Fig.  5.  For  calibration  the  rms  values  of  the  half  power 
bandwidth  (3dB-value$)  were  used  being  independent 
from  the  excitation  bandwidth,  which  has  been  changed 
in  some  cases  due  to  the  limited  shaker  power. 


Input  load  3  dB  vilues  Ig) 

Fig.  5'  Hxample  of  the  calibration  of  the  tiioch;  using 
strain  gauge  results  (SM-values) 

7.  DETERMINATION  OF  THE  LIFE  TIME 
CYCLES  N 

For  the  endurance  data  the  strain  level  was  detenumed  at 
the  time,  when  the  input  load  rcKhed  the  steady  state 
level.  For  the  defUtition  of  the  failure  point  for  the 
structure  a  2  %  drop  of  the  frequency  of  the  lowest 
bending  mode  was  used  (Fig  6).  For  the  corresponding 
time  the  number  of  cycles  Nj  was  determined,  fhe 
settling  phase  included  the  structural  settling  as  well  as 
the  landing  separation.  It  was  not  considered  here  as  a 
structural  failure.  The  huidamental  frequency  f^  (100%) 
was  deterermined  at  the  time  when  the  slope  of  the 
frequency  curve  reduced  and  remained  constant  for 
some  time  interval. 


t.  CAirVLATCOCrau incurve 
The  derived  Ctmf'N  curve  is  given  for  the  consideted 
coupon  type  7  in  %  7  for  room  temperature.  The 
Miaight  line  was  Dned  to  the  endurance  data  in  a  least 


squares  sense  from  10’  up  to  10*  cycles,  which  exceeds 
the  measurements  by  about  a  factor  of  10  for  each 
margin. 


I.00E*03  l,00E*04  1,I)0E»05  I.OOE'O*  l,00E*07  l,0OE*0l 
N  (cycles  2%l 

Fig  7:  Calculated  curve  of  coupon  type  7 
(L  -  Stringer  with  landing) 

9.  EFFECTS  DUE  TO  THE  NONLINEARITY  OF 
THE  TESTS 

As  shown  in  Fig!  the  strain  did  not  increase  linearily 
with  the  input  load  because  of  the  increased  damping  of 
the  bending  mode  at  large  vibration  levels  caused  by  the 
airpumping,  fhis  effect  was  investigated  in  order  to 
verify  the  relative  calibration  of  the  diode  versus  the 
strain  data.  In  the  curves  given  in  Fig  S  the  calibration 
factor  for  the  input  load  10  g  where  the  strain  gauge 
values  were  still  significant  was  4.1  pstrains  /  mV  diode, 
the  factor  at  2S  g  would  be  3.S  pstrains,  which  would 
lead  to  a  lower  t^ns* 

different  factors  refering  to  the  ir,'ut  load  could  be 
caused  by  the  different  measurement  locations  as  welt  as 
by  the  different  transducer  behaviour  under  random 
loading  with  increasing  level.  In  order  to  improve  the 
eutibration  procedure  the  measured  }dB*values  of  strain 
c  y  with  their  half  power  bondwidtfi  Af  and  the 
t  I’mwpunding  input  load  were  used  for 

^  .sideration  of  the  nonlinearity  due  to  different 
OMiping  ratios  and  its  influence  on  the  meuurcd  strain 
(Ftgsy 


I.-  I  IF  «ruetu>ai  damping 
.  If  Miuetwai  dampmg  •  av  pumpmg 

m 


15-4 


Using  the  formula  [2.1]  of  ESDU  72005  [3]  and 
incorporating  the  input  load  as  acceleration  density 
acting  on  a  cantilever  probe  with  one  end  fixed  (Fig.9) 
the  strain  can  be  estimated  by 


and  the  corresponding  input  load  level 


83dB(fef)  ~S3dB(M) 


®rmt 

with 


fi-Mo  (f) 


llie  corrected  values  are  shown  in  Fig.  10  indicating 
that  the  response  of  the  coupons  was  linearly  related  to 
the  input  load. 


Gb(f) 


spectral  density  of  input  acceleration  at 
frequency  f 
damping  ratio 

fixing  coefficient  for  the  first  bending 
mode 

mass  density 

free  length  of  the  cantilever 

thickness 

Young's  modulus 
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/■ 
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stftm  mcMured 
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5  10  15 

Input  Load  3  dB  (o) 
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Fig.  9:  Model  cantilevei’  beam  acceteralion  excited 


Fig.  10:  Strain  vert  us  input  load  (3  dB  values)  at 
constant  damping 

This  procedure  can  be  used  also  for  deriving  overall 
values,  where  only  the  correction  of  the  strain  is 
required,  because  the  bandwidth  of  the  input  load  is 


Leaving  for  one  coupon  excited  by  one  load  the 

constant.  An  example  is  given  in  Fig  II. 

dimensiont  and  material  properties  constant  the  damping 
due  to  the  nonlinear  air  pumping  effect  changes  the 

rooo 

a 

resulting  strain  generally  by 

sooo  • 

1 

sooo 

Hum.  Silia  •  cowl. 

IT 

1 

4000 

MOO  • 

.  7 

With  the  measured  damping  6m  the  corresponding 

1 

noo  ' 

»  ’  ■ 
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eigenfrequency  f,  the  half  power  bandwidth  df  is 

1000  ' 

0  * 

"  tnrm  nMiuiM 

Af"26M  'f« 

0 

10  10  SO  40 

Input  load  Ignnsl 

and  the  }  dB-vahie  of  the  input  kiad  it 
»3dB"\/V^ 

AtMuning  the  meatuied  damping  ratio  ai  very  low 
input  loads  to  be  repfeaeotative  for  the  structural 
damping,  the  measured  strain  and  the  itcasured  input 
load  for  the  constant  damping  ratio  6^  value  can  be 
recalculaHd  resulting  in  new  pairs  of  dM  vahies. 

The  corricKd  strain  value  Cuunri  hthen 


>0 


Fig  11:  Strain  versus  MpM  load  (over  all  values)  at 
constant  damping 

Using  the  above  given  procedure  for  a  recakulaiion  the 
modilVed  straia  and  di^  values  depended  to  a  large 
degree  linearly  ftom  the  input  load  and  could  be  used  for 
the  calibratioo  of  the  measurement  devices  C%  ID'  The 
rccalculaied  N  curve  for  coupon  type  7  resulted  m 
lower  allowable  strain  or  lest  nunsbert  of  cycks  at 
original  ID 


I 
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Fig.  12:  Calibration  of  the  diode  using  the  JdB-va/ues 
(i  =  constant) 


The  tendency  of  the  "ACOUFAT"  results  based  only  on 
few  tests  is  confirmed  by  the  data  above  and  the 
conclusion  from  these  results  is  to  include  the  decrease 
of  the  residual  strength  in  the  life  time  estimates  by 
redefining  the  failure  criterion  as  given  below. 

Provided  the  few  measurements  obtained  for  the  bolted 
coupon  types  are  significant  for  the  residual  strength  a 
statistically-based  material  property,  the  B-basis  value 
[4]  was  calculated  and  used  for  the  evaluation  of  the 
compression  test  results. 

The  B-basis  value  gives  dependent  on  the  measured 
values  and  number  of  measurements  a  lower  tolerance 
bound  above  which  90  percent  of  the  population  will  be 
with  95%  certainty. 


The  allowable  strain  is  reduced  in  the  range  of  large 
cycles  up  to  factor  1.7  for  this  coupon  type. 


It  is  calculated  by 
B^X-kgS 


where 

X  >  the  sample  mean  based  on  n  measurements 
S  "  the  sample  standard  deviation 
kg>  one  side  tolerance  limit  factor 

The  results  are  shown  in  Fig  IS  below. 


N  levetai  2HI 

Fig.  IS:  tf^N  curvet^  coupon  type  7  with  and  without 
lintar  calibration 


10.  EFFECTS  OF  ACOUSTIC  FATIGUE  FOR  THE 
RESIDUAL  STRENGTH 

Further  tests  «erc  performed  for  the  veriflcaiion  of  the 
inHuence  of  acoustic  fatigue  on  the  reduction  of  the 
residual  strength.  Cantilever  prohes  of  similar  material  as 
used  for  the  ‘ACOUFAT  coupons  were  excited  until 
the  (hequency  dropped  between  -  0.5S  to  '  4H  for 
difTctrcnt  samples.  The  rtsulu  of  the  succeeding 
compression  tesu  are  shown  in  Fig  N.  Residual  strength 
tests  of  several  coupon  types  (Ij  resulted  generally 
{Fig  IS)  in  the  tame  behaviour,  thwgh  the  decrease  of 
the  break  stress  of  boiled  skin  structures  teems  to  be 
larger  for  the  cantilever  probes. 
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Fig  IS:  Fesults  of  ootnpeession  tests  of  loaded  and 
untooded  ttype  7  coupota) 


A»umlng  that  of  the  residual  tirengih  values  have 
to  be  located  above  the  B-batet  value,  at  the  example 
above  the  lUlurc  criientrioo  airlvet  at  a  RcrpMiiey  drop 
of  about  O.IH  inticad  of  2H  at  used  .This  effect  leads 
to  areducikm  of  the  allowable  strain  by  a  flMtor  1.6. 


1 1.  EFFECTS  OF  MOISTURE  AND 
TEMPERATURE 

With  similar  CFRP  maierial  at  coupon  type  7  stored  in 
humid  environmeM  (TOT/  IS  H  humidity,  10 
endurance  tests  were  perfbmed  for  70*D  70H 
humidiiy.  The  letulit  show  a  reduction  of  the  allovtable 
strain  a  fhetar  1.7  in  ihe  high  cycle  range  which  it 
wrt  fbf  tfit  twiridtffd  tun 
The  moiittie  after  siotaBC  of  the  used  maierial  was 
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about  0.6  weight  percent  and  refering  to  the  material 
speziflcation  about  one  third  less  than  the  "ACOUFAT' 
material  would  have  been  assimilated  in  the  same 
storage  environment  at  the  same  time. 

The  reduction  in  life  time  is  due  to  the  moisture  and  the 
temperature  as  well.  Therefore  further  tests  for  the 
verification  of  the  influence  of  the  moisture  ait  planned 
with  wet  material  under  room  temperature  conditions. 

12.  TOTAL  REDUCTION  FOR  THE  e^ms^- 
CURVE 
Th*  *^rms^ 

hypothetically  below.  Correcting  for  the  effect  of 


damping,  incorporating  the  revised  failure  criterion  from 
the  residual  strength  tests  and  adding  the  influence  of 
storage  and  test  in  high  humidity  and  high  temperature 
the  overall  reduction  of  the  allowable  strain  is  about  a 
factor  4  compared  to  the  Enns^ 
temperature  with  the  2%  failure  criterion  from 
"ACOUFAT'.  These  curves  are  given  in  Fig.  16  with  the 
curves  puplished  in  ESDU  84027  [5]  Fig.3 
(riveted  specimens).  The  obtained  results  show  a  large 
decrease  of  the  original  Cnns'^ 
described  effects.  The  effect  of  moisture  and  temperature 
could  be  given  by  read  across  only. 


Ftg  16  cunt  fur  coupm  t\f>*  1  'ACOUFAT'  dnurmumi  with  consHtM  Aemping,  cwurittg  iht 

tnflutneuufrttuiuolftrcnpkaiuimutilurt/impimtiwt. 

AiUmoiuA  with  ESDU  S3027  Ftg  J IVFAF}  for  ttmpatatm. 


13.  CONCLUSIONS 

The  perfomed  invesiigMiotu  have  ibowm.  dw 

•  iheshakeriesuiAdkaittnoalimiaritKKaiaoftlM 
strain  rales  with  the  io(wi  load  due  to  the  nonlinear 
damping  mainl) . 

This  cflieci  can  be  tahen  into  account  for  the  calibration 
ofiheitansducctt 

-  acooitic  fhiigue  leads  to  a  reduction  of  the  residual 
strength.  So  Ihr  the  strength  hat  btMO  measured  for 
compretsional  loads  only. 

•  compound  structures  (boiled  thhuwringcralindkaie 
compared  with  cantilever  probes  a  greeter  reduction  of 
iht  ratklttti  Hftaiih. 

^  jfi  ftrtkf  to  tikt  intf  icctwim  iftt  of  tlif 

residual  strength,  the  applied  Ihihire  criteria  have  to  be 
changed. 


-  the  storage  and  testing  ofihe  specimens  in  high 
humidity  and  high  temperature  leads  to  a  reduction  of 
the  allowable  strain  (n^  across). 

Further  invettigaiiont  should  be  carried  out  for  the 
veriflcaiion  of  the  obtained  rctuhs  using  probes  of 
tdemical  material  and  Joints. 
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I  SUMMARY 

The  Briie/Euram  programme  Acoufat  is  concerned 
with  ’Acoustic  fatigue  and  related  damage  tolerance  of 
advarwed  composite  and  metallic  structures*.  Three 
HMin  fields  of  the  Acoufat  results  are  discussed : 

1  ;  The  use  of  a  'frequency  degradation*  criterion, 
usually  applied  to  classical  meullic  materials  and  early 
Carhon  Fiher  Reinforced  Plastic  (CFRP)  materials,  is 
not  considersd  suitable,  as  the  only  parameter,  for 
determination  of  CFRP  specimen  ’failure*  m  Kouatk 
fatigw.  It  is  suggested  that  a  suiuhle  cnteiion  should 
he  based,  in  forther  work,  upon  the  degradatioo  of  the 
mechanicai  properties  of  the  specimens. 

2  ;  On  the  hasts  of  Wind-Timnei  (WT)  calibration 
testt.  a  lemiempincal  model  of  the  ipalio-iemporal 
charactenstics  of  the  aaoMKoustic  toads  weitnd  on  a 
flat  panel  by  the  turbulent  Md  created  by  a  flap  baa 
been  dtveki)ied  and  utiliaed  as  'Load  Data  Input*  for 
Finiie  Element  (FE)  cakulationa.  The  WT  isata  have 
been  renaonaMy  well  reprenented  ;  the  devefopment  of 
this  seini<empincat  mndtl  u  an  encuuiaging  imlial 
Miccesa.  lha  results  from  the  mitial  modetling  suggasi 
that  this  can  be  eaiendsd  to  the  modePing  of  die 
acoustic  loads  in  Progressive  Wave  Tiibea  (PWT). 

3  ;  The  eacilaitnn  of  strucium  by  eero-acou>tK  loads 
may  not  be  simulaiad  folly  in  PWT.  by  simply 
nwdif)niig  and  correctly  shaping  dw  spectral  coaieni. 
The  effocl  of  ibe  spatial  disliiboiiao  of  foe  liiadiag  la 
claarfy  dilforeni  in  bofo  caws  and  foe  taMed  spacunsn 
endoience  may  ba  significaMly  difleienl.  It  u  dear 
foal  a  foeoreiical  approach  bawd  oa  a  cortaci 
predKHon  of  dw  rcvpansts  to  both  types  of 
envHonmml  IS  requiied. 

I  INTRODUCTION  and  ORtECTim 

2-1 :  Definition  and  Ccmenl  OttN^fivea 
Tha  term  'Acuualic  Pangne*  iraplws  the  strucnml 
fotignc  cansad  by  dw  piedonaasnily  tesonant  teipnass 
of  swucintal  rompanenii  M  lafoawd  sound  fWUs 
(IhKluaMg  piesmnus).  AeouMic  f  artodynamir 
eacitation  aspacta  are  coupled  wtfo  snuctuml  tynsndr 


The  fundunenial  objectives  of  the  Acoufat 
programme  were  ; 

•  to  enhance  the  knowledge  and  the  understanding  of 
tha  acoustic  fatigue  strength  data  of  selected  advanced 
composite  and  metallic  materials. 

•  to  develop  the  analytical  I  compuuiional  and  expcri* 
mental  melhodoiogiea  applied  (for  dimensiooiog  and 
ceitificaiion)  to  predici  the  fatigua  life  of  modem  civil 
aircraft  aliucluiea  sullied  to  acoustic  esriuUoos. 

The  safety  and  foe  efficiency  of  eircnfl  operaiiona  can 
he  then  improved  and  foe  maintenance  costa  of  foluie 
aeronautical  stiucturaa  leduced. 

2>2 ;  FMdinf  study 

To  improve  foe  ptedwiioo  of  foe  acousiic  foiigtw  life 
of  alnictuiea.  dw  followtag  three  main  anna  are 

•  foe  londi  appiwd  to  foe  struciuies  (dynemic 
cbnrecteiiaitca  of  foe  ecoustic  eaciiaiioo). 

•  dw  stnctitml  dynwnlc  reapoiuw  evaluatioo  which 
providin  Mreseta  Sf^  and  frequcncwa 

•  foe  ■courtk  fnliipie  itrungih  fotln  for  dw  mnwoals 
and  dw  selsctad dssiipM  (nvela. ...). 

Strmnhmdi  9  Firttpamcfoi  *  Acnuslk  fbliitMi 
striMgllifoda  Flatigutlifopnrdkifon 

For  each  arm.  tschmcal  olgactives  have  hasn  drfiiwd 
wifo  eapinminiil  kwhs  (Vibration)  and  foaotetkal 
twka  (pradicuon). 


fIrwSfd  at  a  Jtisp  iiiw  w  ’ISywil  Afuau*  ImsA  <•  AWrouP  tfoursam' hril  M 


t.  Mwviui.  Mn  t9M 
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2-2  -1  ;  The  Acuii.stic  Loads  Evaluation  : 

At  |>resent,  the  aero-acoustic  loads  data  is  limited  and 
is  described  mainly  in  the  time  domain.  To  simulate 
the  response  of  structures  accurately,  the  space 
distribution  of  the  acoustic  field  is  required. 
Consequently,  the  results  of  acoustic  tests  which  are 
performed  using  Reverberant  Chambers  or  Progressive 
Wave  Tubes  ,  may  not,  structurally,  be  representative 
of  the  effect  of  the  real  aircraft  flight  environment. 
Work  performed  :  On  the  basis  of  Wind-Tut. 
calibration  tests,  a  semi-empirical  model  of  the  spatio- 
temporal  characteristics  of  the  aero-acoustic  loads  on  a 
flat  panel  by  the  turbulent  field  created  by  a  flap 
(simple  configuration  of  a  typical  turbulence)  has  been 
developed  and  utilized  as  'Load  Data  Input'  for  Finite 
Element  (FE)  calculations.  Furthermore,  with  the  same 
panel,  investigations  were  conducted  in  the  PWT  to  try 
and  match  the  strain  spectral  densities  obtained  in  the 
WT.  These  significant  parts  of  the  AcoufaT  results 
are  detailed  in  sections  4  and  3. 

2-2-2  The  Structural  Dynamic  Response 
Evaluation  (Srms  stresses  and  frequencies) : 

At  the  present,  the  main  available  computational 
methods  for  the  calculation  of  the  structural  response 
are  FE  dynamic  analysis  taking  into  account  the  aero- 
elastic  or  the  acoustic  coupling  with  the  fluid. 

Work  performed  :  Several  computer  codes  were 
available  for  thi.s  study.  Their  ability  to  deal  with  the 
problem  have  been  recognized  by  comparison  with 
each  other  and  with  te.st  results.  Non  linear  dynamic 
behaviour,  which  is  apparent  in  structures  at  higher 
acoustic  loads,  can  also  be  simulated. 

These  aitsessments  improve  predictive  capability, 
define  the  analysis  assumptions  and  provide  rules  of 
use.  They  arc  the  necessary  support  to  the  testing 
activity  planned  in  this  program. 

2-2-3  :  Thi  Acoustic  Fatigue  Strength  Data  for  the 
selected  materials  and  the  associated  designs  (riveted, 
bonded,  etc...).  For  advanced  metallic  and  composite 
maierials,  the  standard  acoustic  fatigue  strength  data 
such  as  S-N  endurance  curves  and  da/dN  or  dA/dN 
curves,  crack  or  damage  growth  rate  data,  are  limited 
at  the  present. 


P«u3l&  l» 


Work  performed  :  Standard  S-N  endurance  curves 
have  been  developed  for  5  selected  advanced  materials 
(2  CFRP  -I-  GLARE  -I-  Aluminium-lithium  +  SPF- 
DB  Titanium)  with  different  specimen  designs 
representative  of  aeronautical  structures  ( <*  6(X) 
coupons  tested  by  shaker  excitation  +  6  large  panels  in 
PWT).  The  commonly  used  methodology  for  this  type 
of  test  has  been  critically  analysed.  This  significant 
part  of  Acoufat  is  detailed  in  section  3,  but  limited  to 
the  CFRP  materials. 

On  the  basis  of  these  tests,  analytical  work  concerning 
the  damage  initiation  and  the  damage  propagation  / 
accumulation  has  been  also  performed  for  CFRP 
materials. 

2- 2-4  ;  Furthermore,  the  synthesis  of  this  Pilot  Phase 
study  has  enabled  major  recommendations,  related  to 
the  qualification  methodology  (testing  strategy  and 
calculating  strategy)  applied  to  aircraft  areas  subjected 
to  acoustic  loadings. 

3  RANDOM  VIBRATION  ENDURANCE 
INVESTIGATIONS  FOR  CFRP  -  MATERIALS 

3- 1  :  Presentation 

The  endurance  data  produced  is  detailed  in  other 
papers  and  published  by  the  Acoufat  partners 
involved  in  this  activity.  This  section  is  focu.sed  only 
on  the  main  results  and  recommendations  related  to  the 
Carbon  Fiber  Reinforced  Plastic  (CFRP)  materials. 

Two  of  the  main  purposes  of  the  testing  activity  were  : 

*  to  elaborate  the  standard  endurance  data  of  typical 
designs  from  CFRP  materials  with  simple  coupons 
tested  by  random  excitation  on  shaker, 

*'  to  assess  this  standard  endurance  data  by  comparison 
to  large  panel  tests  to  verify  if  accurate  life  prediction 
of  aircraft  panel  /  stringer  constmetions  subjected  to 
acoustic  loading,  can  be  made  using  simple  coupon 
tests. 

3-2 ;  Coupon  Tests  by  Shaker  Excitation 
From  the  standard  engineering  publications  (e.g. 
ESDU  Acoustic  Fatigue  Volumes),  only  very  limited 
information  is  available  for  CFRP.  Nevertheless  these 
ESDU  data  were  considered  as  the  reference  for  deftn- 
ing  lest  procedures  and  for  comparison  of  the  results. 
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3-2  1  :  Tests  definition  : 

Selected  CFRP  -  materials  :  T800/924  and  HTA/6376 
( -  SO-C,  RT.  80°C.  nO'C  ) 

Typical  coupons  designs  :  L-  and  T-  shaped 
stringer/skin  coupons,  with  riveted  stringer,  skin 
with/without  cocured  landing  or  skin  with  taper,  and 
skin  with/without  initial  damage. 

Excitation  :  unimodal  vibration  using  a  narrow  band 
random  load  spectrum,  centred  around  the  specimen 
1st  bending  mode  frequency  determined  from  a  sine 
sweep,  to  assure  that  the  bandwidth  of  excitation 
always  covers  the  response  spectrum. 

Either  the  loading  level  in  terms  of  specimen-strain  (or 
deflection)  wa.s  kept  constant  or  the  specimens  were 
tested  at  a  constant  g^/Hz  -  level.  .8ince  the  required 
strain  levels  exceeded  shaker  limits,  lip  mass  was 
added  to  'he  free  ends  of  specimens. 

Failure  criterion  (Isl  reference)  ;  2%  drop  in  the 
setlU  I  natural  coupon  frequency.  Nevertheless, 
number  of  tests  were  continued  until  visible  damage 
was  detected. 

3-2-2  :  Specimen  damage  &  NDT  investigation  : 
Some  CFRP  specimens  have  been  tested  either  until 
complete  failure  or  only  until  fulfillment  of  the  2% 
criterion,  for  high  and  low  excitation  levels.  NDT 
inspections  revealed  similar  damage  in  all  specimens  : 

1.  For  the  HTA/6376  specimens  with  a  step  landing, 
separation  of  the  landing  edges  across  the  coupon 
width  (separation  length  *  10  to  20  mm  on  each  side). 

2.  Development  of  sub-surface  delaminaliors  around 
rivet  holes. 

3.  Development  of  delaminated  surface  strips  from  the 
rivet  holes,  growing  in  a  direction  to  ward  the 
specimen  etids  (outer  ply  direction). 

4.  Possible  development  of  sub-surface  delaminations 
at  the  edges  of  the  coupons,  near  tapered  regions  (edge 
effect), 

5.  Most  of  the  surface  delaminalions  occurred  on  the 
outer  skin  side. 


Figure  2  :  Typical  delaminalion  areas,  with  CFRP 
T800/924  coupt'ns 


6.  Consequence  of  the  damage  extension,  is  observed  a 
rapid  decrease  in  bending  stiffness,  particularly  at  high 
excitation  levels. 

Discussion  : 

•  Coupons  with  initial  damage  have  been  tested.  But, 
from  these  tests  it  was  impossible  to  produce 
meaningful  dA/dN  data  for  continuous  delamination 
growth,  as  it  was  originally  planned. 

-  The  delaminations  around  the  bolt  region  are 
considered  to  be  of  a  type  that  is  likely  to  occur  in 
panel  attachment  regions.  Delaminations  at  the  free 
edges  (4.)  of  the  coupons  are  obviously  failures  that 
would  not  occur  in  panels.  These  edge  delaminations 
can  affect  the  coupon  stiffness  and,  unfortunately,  any 
frequency  drop  criterion. 

3-2-3  :  Specimen  settling  characteristics  ; 

Generally,  the  metallic  coupons  do  not  exhibit  a 
significant  'settling  phase'.  From  the  CFRP  coupons 
tests,  several  types  of  settling  characteristics  were 
observed. 


-  The  HTA/6376  coupons  with  a  step  landing  showed 
a  fast  drop  in  coupon  frequency  due  to  the  separation 
of  the  cocured  step  landing  from  the  skin  : 


-  The  predamaged  HTA/6376  coupons  demonstrated  a 
significant  settling  phase  which  consisted  of  a  sharp 
reduction  in  frequency  followed  by  a  more  gradual 
decrease  until  the  onset  of  linearity  : 
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-  The  T800/924  coupons  with  smooth  taper  in  the 
boiled  region,  had  a  reduced  settling  phase  with  a 
gradual  change  in  frequency  before  the  onset  of 
linearity  : 


Figure  5  :  Typical  frequency  vs  time  plot 
T800  /  924  coupons,  with  smooth  landing 


Discussion  : 

-  In  some  cases,  it  is  difficult  to  determine  where  the 
actual  settled  point  occurred  (major  problem  when 
applying  any  frequency  drop  criterion). 

-  The  phase  of  settling  is  intluenced  by  several  effects 
and  may  be  attributable  to  micro-cracking  of  (he  CFRP 
material,  clamping  arrangement,  joint  interfaces  or 
propagation  of  delaminations  within  the  specimen.  For 
coupons  with  cocured  step  landing,  the  settling  phase 
is  obscured  by  the  effect  of  the  separation  of  the 
landing  from  the  skin.  Further  investigations  are 
required  to  esi  iblish  the  mechanisms  which  contribute 
to  the  CFRP  specimen  settling. 


3-2-4  :  Specimen  strain  distribution  : 

The  strain  distribution  on  the  skin  is  complex  (sec 
figures  6  and  7)  but  it  must  be  correctly  determined  to 
define  the  reference  Srms  in  the  S-N  curves.  The 
reference  location  was,  by  convention,  the  expected 
maximum  strain  value  location  which  can  be  different 
from  the  failure  position. 

Discussion  : 

-  When  determining  the  reference  strain  by  static 
calibration,  the  two  levels  upwards  and  downwards 
must  be  averaged. 

-  Due  to  the  effect  of  stacking  sequence,  a  slight 
rocking  motion  of  the  specimen  may  occur  and  cause  a 
strain  gradient  across  the  specimen  (see  figure  below). 

-  The  strain  distribution  in  the  thickness  should  be 
taken  into  account  for  each  ply  (through  thickness  Cji 
and  Cij  ,  classically  evaluated  e.g.  for  static  bending 
tests). 

-  Where  the  strain  gradient  is  high,  the  measured  value 
con  be  dependent  on  the  gauge  size  (integration 
length). 

-  The  strain  distribution  can  be  modified  during  the 
fatigue  test  by  damages,  s.g.  delamination  of  the 
landing. 

-  There  can  be  a  significant  difference  in  the  level  of 
measured  strains  during  the  strain-  and  load-monitore(f 
tests  (the  increase  with  time). 


Figure  6  :  Measured  strain  distribution  for  L-shaped 
HTA  /  6376  coupon  with  landing 


Figure  7  ;  Measured  strain  distribution  for  L-shaped 
HTA  /  6376  coupon  without  landing 


3-2  S  :Endurance  data  : 

The  S-N  curves  have  been  esUblishul  on  the  basis  of 
the  2%  reduction  frequency  criterion.  To  decrease  the 
number  of  tests,  these  S-N  curves  we^e  assumed  to  be 
straight  regression  lines  (as  presented  in  the  ESDU). 
Testing  performed  on  the  CHRP  materials, 
demonstrated  that  the  endurance  marginally  decreased 
with  increasing  temperature. 

The  endurance  of  the  predamaged  coupons  was  similar 
to  the  undamaged  type. 

Discussion : 

-  The  main  difficulties  encountered  to  value  the  ‘Srms* 
strains  and  the  *N'  number  of  cycles  have  been 
discussed  §  3-2-4  and  }  3-2-3. 

-  At  2%  drop  in  settled  frequency,  all  coupons 
revealed  various  regions  of  delamination  . 

-  Nevertheless  some  specimens  (tested  up  to  failure) 
demonstrated  that  there  is  cor..uderable  fatigue  life  in 
the  CFRP  specimens  after  the  2%  criterion  (this  is  also 
the  case  for  the  tested  GLARE  specimens  and  the 
Aluminium-Lithium  specimens). 

-  Consequently,  the  use  of  a  "frequency  degradation" 
criterion,  as  the  only  parameter,  was  not  considered 
suitable  for  determination  of  specimen  "failures'.  It  is 
suggested  that  a  suitable  criterion  should  be  based 
upon  the  degradation  of  the  mechanical  properties 
which  can  be  determined  by  by  residual  strength  tests 
of  the  specimens. 

3-2-d  :  Residual  strength  tests  : 

Additionally  residual  strength  tests  were  carried  out  by 
applying  compression  loads  to  the  skin.  Even  after 
severe  acoustic  loading,  these  tests  (only  HTA/6376) 
demonstrated  that  the  remaining  static  strength  is  : 

-  greater  than  80%  of  the  initial  strength  if  the  load 
direction  is  along  the  stringer  axis 

-  about  70%  of  the  initial  strength  if  the  load  direction 
is  perpendicular  to  the  stringer,  at  2%  frequency  drop, 
despite  that  there  was  no  evident  visible  failure  in 
some  cases. 

Discussion  i  These  tests  were  a  first  attempt  to 
evaluate  the  degradation  of  the  mechanical  properties. 
Further  investigations  are  required. 

3-3  :  Endurance  Tests  of  CFRP  Panels  in  PWT 
The  design  of  shaker  coupons  is  dictated  by  the 
assumption  that  panel  behaviour  can  be  adequately 
represented  by  the  dynamic  behaviour  of  a  thin  strip. 
To  validate  the  coupon  te$t-re.sults  and  the  coupon 
testing  procedure,  one  T800/924  panel  and  one 
HTA/6376  panel  h-we  been  fatigue  loaded  in  PWT. 

For  the  2  panels,  the  main  damage  areas  were  located 
in  the  skin,  above  the  rib-stringer  intersection.  This 
type  of  damage  was  explained  (and  quantified  with  the 
support  of  F.E.  calculations)  by  the  effect  of  the  out- 
of-plane  loads  induced  by  the  suspended  mass  of  the 
stringers  which  had  no  direct  connections  to  the  ribs. 


In  these  areas,  the  stiains  Cjj  are  lower  than  those  in 
the  middle  of  the  long  side  bay  which  is  the  classical 


Figure  8  :  Classical  critical  location  in  a  stiffened 
panel  and  observed  damage  area  for  the  CFRP  panels. 


Discussion ; 

-  No  coupon  tests  were  representative  of  this  type  of 
damage  (the  coupons  were  designed  to  study  the  in¬ 
plane  bending  effect,  not  the  out-of-plane  loads 
effects).  Consequently  no  endurance  comparison  could 
be  evaluated  between  panels  and  coupons. 

-  These  results  outlined,  while  using  new  materials  or 
new  designs,  the  absolute  necessity  of  maintaining 
large  panel  tests  in  PWT  for  identification  of  the 
possible  failure  modes  and  of  the  damage- 
developments  with  a  multi-mode  dynamic  response  and 
niulti-axial  stresses. 

-  To  reduce  the  test-duration  (for  financial  aspects),  the 
test-excitation  load  level  is  generally  increased  from 
that  of  the  aircraft.  In  fact,  the  damping-levels  and  the 
non-linear  membrane  effects  increase  with  increased 
load  input  levels.  This  can  modify  significantly  the 
strain-distribution  and  the  strain-ratio  between 
different  areas  of  the  panel.  The  aircraft  endurance 
limit  cannot  be  then  simply  deduced  and  non-linear 
dynamic  F.E.  calculations  must  be  performed  to 
evaluate  it  correctly. 

3-4  :  Rfcommendutions  for  Random  Vibratiun 
Endurance  Tests 

(i)  :  Further  work  is  required  to  investigate  the  reasons 
for  the  "settling  phase"  observed  in  CFRP  materials. 

(ii)  :  A  suitable  criterion  is  required  for  all  types  of 
specimens  tested,  possibly  based  on  residual  strength 
characteristics  of  the  specimen.  In  the  meantime, 
current  data  should  be  fully  documented  for  use  (i.e. 
with  initial  frequency,  strain,  input  load  and  damping, 
plus  damage-analysis). 

(iii)  :  An  asse,ssmenl  of  coupon  failures  compared  to 
complex  structural  failures  is  required  in  order  to 
validate  the  usage  of  current  coupon  designs  and 
endurance  data. 

(iv)  :  Non-linear  aspects  must  be  evaluated  when 
testing  with  enhanced  acoustic  load  levels. 
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4  AERO .  ACOUSTIC  LOADS  STUDY  : 
Experimental  and  Analytical  Results 

4>1  ;  Presentation 

Acoustic  fatigue  failures  have  occured  in  stiuctures 
lying  close  to,  or  in  the  path  of,  the  jet  efflux  (acoustic 
excitation  with  a  large  correlation  length).  Similar 
failures  have  occured  in  other  regions  of  pressure 
fluctuation  such  as  within  the  intake  duct  of  fan 
engines,  close  to  propeller  tips  and  in  regions  of 
separated  flow  near  control  surfaces,  such  as  elevators, 
flaps,  rudders,  or  near  items  such  as  spoilers  which  are 
us^  on  some  aircraft  during  manoeuvres  (acoustic 
excitation  with  a  reduced  correlation  length).  But,  at 
present,  aero-acoustic  loads  data  are  very  poor.  There 
is  no  general  data  base  and  the  available  data  concern 
mainly  the  time  fluctuation,  rather  than  the  space 
distribution  which,  nevertheless,  is  strictly  essential  to 
calculate  the  structural  response. 

The  objectives  of  the  ACOUFat  programme  in  this 
field  of  study  were  : 

-  to  develop  a  semi-empirical  model  of  aero-acoustic 
loads,  in  areas  of  separated  flows,  with  space 
distribution  and  time  fluctuation,  on  the  basis  of 
informations  collected  from  the  open  literature,  and  of 
the  pressure  measurements  obtained  by  tests  in  Wind- 
Tunnel  (WT), 

•  and  to  validate  the  use  of  this  model  as  'Load  Data 
Input'  of  Finite  Element  (FE)  calculations  to  simulate 
the  dynamic  response  of  a  test -box.  representative  of 
aircrafl  structures. 

4>2  ;  Experimental  Study  of  the  Acoustic  Loads  in 
Areas  of  Separated  Flows  (Wind  ■  Tunnel  Tests) 


Separated  flows  were  generated  by  pl:<cing  a  test  set-up 
into  the  SI  •  Modane  ONERA  Wind  Tutuiel.  When 
operated  at  transonic  speeds,  a  turbulent  proesure  field 


is  developed  behind  an  elevated  spoiler.  This 
configuration  was  chosen  to  simulate  acttial  flight 
conditions,  where  separated  flows  occur  behind  control 
surfaces  such  as  spoilers,  flaps,  speed  brakes,  etc... 
(simple  configuration  of  a  typical  turbulence). 

In  a  /sf  step,  a  measuring  plate  containing  40  pressure 
sensors  (Figure  9}  was  insulled  behind  the  spoiler. 
The  fluctuating  pressure  field  in  the  area  of  the 
recirculating  bubble  behind  the  flap  was  evaluated  for 
different  flap  sizes  and  Mach  numbers. 

Each  individual  sensor  signal  was  evaluated  in  terms  of 
pressure  spectral  density  and  selected  pairs  of 
microphones  were  analyzed  with  respect  to  their 
coherence.  Typical  results  are  shown  in  Figure  10  for 
the  pressure  spectral  density.  The  plots  indicate  high 
intensities  in  the  frequency  range  around  100  Hz  with 
a  rapid  decay  towards  the  higher  frequencies.  The 
maximum  intensity  and  the  corresponding  frequencies 
depend  on  the  lest  configuration  which  is  given  by 
Mach-number,  size  of  spoiler  and  location  of  pressure 
transducers.  However,  all  spectra  exhibit  a  continuous 
energy  distribution  due  to  the  randomly  fluctuating 
pressures. 


FNSo  lers.J  158. S  ESSAI  O1072 

Figure  10  ;  Wind-Tunnel  teals  :  Typical  Pressure 
Spectral  Densities  (Ps'/Hz)  vs  Frequency  (Hz) 

Coherence  functions  have  been  produced  between 
selected  pairs  of  microphones  and  typical  plots  are 
shown  in  Figure  II  (real  and  imaginary  parts  of  the 
coherence  functions).  They  indicate  that  the  spatial 
coherence  is  generally  very  low.  This  implies  that  the 
microstructure  of  the  turbulence  field  comsinr.  s  high 
number  of  uncorrelatod  ^dieCr 

The  basic  experimental  data  recorded  in  the  (^ame  of 
those  WT  testiz,'  are  the  reference  data  for  els>30tstiag  a 
nuthematical  model  it  the  .'iaiistical  vharacleritica  of 
the  excitations.' 
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Figure  11  ;  Wind-Tunnel  tests  :  Typical  Correlation 
Factors  (selected  pair  of  microphones)  vs  Frequency 

4-3  :  ExpcrimenUl  Study  of  the  Associated 
Structural  Response 

In  a  2nd  stip,  a  calibration  test  box  (i.  e.  a  stiffened 
aluminium  panel,  representative  of  aeronautical 
structures)  wu  mounted  in  the  WT,  in  place  of  the 
measuring  plate  containing  pressure  sensors, 
downstream  the  previous  deflector. 


Min  Mol* 


4-4  ;  Analytical  Model  of  the  Aero-Acoustic  Loads 
in  Areas  of  Separated  Flows 

The  aim  of  the  present  analytical  work  was  to  develop 
a  semi-empirical  model  to  calculate  the  spectra  of  the 
spatial  and  temporal  correlations  of  the  acoustic 
pressure  associated  with  fatigue  loads,  for  comparison 
with  experiments  of  panel  tests  in  WT  (and 
additionally  in  PWT).  The  modelled  Cross  -  Spectra 
law  can  be  then  used  as  load  input  for  FE  calculations. 

In  both  cases,  WT  and  PWT,  a  statistical  independence 
is  invoked  to  split  the  space-time  spectra  into  factors 
conesponding  to  temporal  spectra  and  spatial  spectra 
in  each  dimension  e.g.  longitudinal  and  traverse.  The 
simplest  case  is  the  test  in  PWT  which,  under  the 
restriction  of  linear  sound,  lead  to  similar  spectra  in  all 
space-time  dimensions  (see  section  S).  The  case  of  test 
in  WT  leads  to  progressive  complications  ;  a  modified 
Gaussian  correlation  of  phase  shifts  leads  to  spectra 
which  are  still  stationary,  but  involve  Hermite 
polynomials,  besides  Gaussian  functions  ;  the 
positioning  of  the  observer  close  to  a  flap  of  finite 
span  leads  to  non-stationary  spatial  spectra,  involving 
error  functions  as  well.  All  together  is  obtained  an 
hierarchy  of  spectra,  the  simplest  of  which  depend  on 
the  ms  phase  shift  and  correlation  scales  (time  and 
lengths)  and  excitation  parameters  (frequency  and 
wave  numbers).  Multiple  scattering  involves  the 
double  reflection  coefficient  and  non  sUtionary 
correlations  introduce  geometric  parameters  into  the 
exact  and  asymptotic  evaluation  of  spectral  integrals, 
which  generali»  the  Gaussian  type. 

The  final  equation  used  to  determirw  the  normaliied 
Crou  -  Spectra  law,  input  as  load  daU  in  FE 
calculations,  is  presented  Figure  13. 

This  model  involves  8  semi-empirical  parameters 
(underlined  twice).  On  the  basis  of  the  transducer- 
respooset  obtained  during  the  WT  tests,  the  values  of 
the  8  parameters  were  defined  in  such  a  way  that  the 
computed  Crou  -  Spectra  could  be  thought  to  be 
identical  to  the  measured  one. 

As  Figure  14  shows,  the  meantrend  of  the  real  and 
imaginary  parts  is  acceptable.  The  peaks  which  appear 
in  the  experimental  data  cannot  be  modelled. 
However,  tte  imaginary  part  seems  not  to  stick  to 
reality  u  good  as  the  real  part  does. 

Along  the  bandwidth  (0-2(XX>  Hi),  the  Cross  -  Spectra 
value  tends  to  decrease  arid  that's  what  was  noticed 
during  the  experiment  u  the  Figure  14  shows. 


The  siructural  response  of  the  test  box  wu  identified 
by  16  active  strain  gsugs:  on  the  panel,  for  the 
aerodynamic  conrtgurations  studied  in  the  first  step 
(different  flap  sizes  and  Mach  numbers  of  1 4-2). 
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Figure  13  ;  Semi  -  empiricil  model  of  the  normalized  Crou  -  Spectral  densitieji  of  the  fluctuating  pressures, 
downstream  the  spoiler  (Wind  Tunnel  tests). 


Figure  14  ;  Companion  TealfModel  of  the  nonnatizad 
CroU'Spectral  densitiei  of  fluctuating  preuuret  in  WT 


4-3  ;  Simllatiun  oT  (he  Structural  Retpons*  by  IfE 
CakuUthmi ;  Computational  Slrat«|y 

The  teat  panel  wu  inodelized  :  the  FF  model  diiplayed 
consiiia  in  74(XI  node*  and  38400  degrem  of  freedom. 
Thii  FE  model  wu  ilaticaMy  and  dynamically  adjusted 
by  experiment. 

To  predict  the  dynamic  random  nspoiue  of  thii 
structure  with  the  Finite  Element  Program  ELFiNl, 
wu  followed  a  computational  slralegy  in  which 
compulationx  are  carried  out  in  two  ilagu ; 

lit  slagt :  Computational  grid 
The  excited  surface  of  the  itructure  ii  divided  into  a 
number  of  lubareu  or  elements  (the  computational 
grid  is  a  cosise  mesh  in  comparison  the  struchiral  FE 


mesh).  To  each  element  of  the  grid  is  associated  a 
Pressure  Spectra  Density  definition.  The  PSD  of 
pressure  are  assumed  to  be  uniform  over  uch  grid 
element  and  perfect  spatial  correlation  is  assumed 
between  any  two  points  lying  within  the  same  element 
(in-phase  condition).  The  correlslions  between  grid 
elements  are  defined  by  the  Crou  •  Spectra.  The 
preuure  and  the  Cross  •  Spectra  density  definitions  can 
he  defined  by  meuured  data  or  hy  an  analytical  model. 
The  complete  power  speciml  matrix  of  auto*  and  crou- 
spectra  for  this  mulliple-preuure  input  system  is  then 
Mtsblished,  on  the  basis  of  the  meuured  (or  predicted) 
auto-  and  crou.  spectra. 

2nd  suit*  '■  Projection  on  the  FE  model 
The  prauura  load  (the  Power  Spectral  Density  and  the 
Crou  •  Spectra)  of  each  grid  element  is  projected  into 
basic  loeds  on  the  FE  model  of  the  siruclare. 

The  PSD  of  stressu  and  acceleralioos  at  given  pointa 
are  then  carried  out.  from  selected  elements  of  ilie  FE 
model,  with  Iha  above  projected  pressure  and  the 
■ssocialed  power  spectral  roalrix,  u  load  input. 

44  ;  Evaluation  of  the  Analytical  Model  as  Load 
Data  Input  for  FE  Calculations 

To  avaluale  Ihe  analytical  model,  the  previoui 
compulational  strategy  wu  applied  twice,  to  sinutlate 
Ihe  structural  response  of  Ihe  panel : 

isf  simularton  i  with  the  experimental  Pressure 
Spectral  Density  (WT  test  measuremenu)  and  with  Iha 
Mperimeatal  Crou.Spectra  (WT  tut  meuureneala). 
Tha  computational  slralegy  of  |  4-5  wu  applied  with 
Ihe  measured  preuure  field  u  input  on  the  grid. 

The  damping  levels  were  determined  from  an  analysis 
of  dais  which  rupected  the  proportions  of  the  different 
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modes  for  ■  same  gauge,  the  ratio  of  a  same  mode  for 
diftrrent  gauges. 

The  results  (PSD)  of  the  strain-gauge  JS  (see  location 
on  Figure  12),  representative  of  the  pane)  behaviour, 
are  shown  on  Figure  ISb.  The  calculated  PSD 
diagrams  (Figure  ISb)  are  in  good  correspondance 
with  the  measured  PSD  diagrams  (Figure  ISa). 

2nd  dmulation  :  with  the  experimental  Pressure 
Spectral  Density  (WT  test  measurements)  and  with  the 
analytical  Cross-Spectra  (analytical  model). 

The  analytical  nnodel  was  input  as  Cross  -  Spectra  law 
on  the  computational  grid  of  the  acoustic  loa^. 

The  results  (PSD)  are  shown  on  Figure  ISc  for  strain- 
gauge  JS  :  they  are  very  close  to  the  results  obtained 
with  the  WT  data  (Figure  ISb).  Despite  that  there  is 
only  partial  agreement  on  correlation  spectra,  one 
could  be  surprised  at  the  better  agreement  on  panel 
response  calculations.  A  possible  explanation  is  that 
the  itMdel  and  measurements  agree  in  the  range  of 
frequencies  where  are  located  the  main  resonances  of 
the  panel. 

From  the  panel  response,  we  can  infer  that  the 
aiulytica)  model  of  pressure  field  is  of  good  accuracy 
and  allows  the  behaviour  of  the  panel  to  be  predicted 
inside  the  WT. 

4- 7  !  CoiKlusion 

A  semi-empirical  model  of  the  acoustic  loads, 
downstream  a  spoiler,  has  been  developed  from  the 
WT  experimental  data.  This  model  was  used  u  the 
analytical  loads  input  to  FE  calculations,  to  simutata 
the  test-box  response.  Based  on  initial  success  of  this 
work,  the  following  is  suggested  : 

•  to  refine  this  type  of  model  and  extend  it  to  other 
types  of  acoustic  sources  encounteied  by  aircraft  to 
r^  service, 

-  to  develop  this  modal  for  the  clauical  taal  facilitiea, 
in  particular  for  the  PWT'a  which  should  ramain  the 
standard  leal  facility  for  reason  of  coat  and  availability. 

5  TESTING  of  STRUCTURAL  ELEMENTS 
in  WT  and  in  PWT'a 

5- l  :  Pirescntalion 

Testing  of  large  scale  struclurea  to  aero-acoustical 
loads  is  impractical  and  potentially  very  expensive. 
Hovk-ever,  there  is  a  need  i  -  validate  the  integrity  and 
endurance  of  structural  elements  subject  to  a  variety  of 
Kouslic  loads.  One  option  available  to  aircraft 
manufocturers  is  to  perform  leaia  on  structural 
elements  where  the  acoustic  environment  is  simulalad 
in  a  Progressive  Wave  Tube  (PWT)  facility  i.e.  a  duel 
capable  of  generating  a  controlled  unsteady  pressure 
field.  To  determine  the  acoustic  fatigue  life  of  aircraft 
structuiea,  which  are  a  ftinction  of  ground  and  in-llighl 
conditions  and  the  associated  aircraft  in  use,  a  method 
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Figure  IS  :  Wind-Tunnel  laata  :  PSD  of  the  reponse  of 
the  strain  gauge  JS  t  Comparisons  between : 
fig.  ISa ;  JS  leal  resulu  (maasuiements), 
fig.  ISb ;  FE  compulalioos  with  pressure  measure¬ 
ments  as  load  input, 

fig.  ISc  ;  FE  ccmpuUlions  with  the  analytical  model 
u  load  input. 


of  read  acrow  between  the  PWT  and  aircraft  responses 
is  required. 

S-2  :  Study  of  lha  Acoustic  Loads  and  of  the 
Assodated  ^ructural  Response 
For  this  purpose,  a  stiffened  aluminium  panel  (the  one 
used  for  the  aero-acoustic  loads  study  -  see  saclioo  4) 
wu  used  to  study  its  structural  response  under 
different  types  of  acoustic  loads. 


IhIO 


Isl  test-phase  :  In  the  first  i>i...se.  the  test  panel  was 
mounted  into  the  Wind  Tunnt:i  (  iVT nud  escited  by  a 
turbulent  pressure  field  which  was  generated  by  an 
upstream  spoiler.  This  configuration  was  described  in 
the  previous  section  4,  related  to  the  aero-acoustic 
loads  study  (see  Figure  12). 

The  structural  response  of  the  p.'.n.  '  was  investigated 
by  16  strain-gauges.  Pressure  field  .spectra  for  one  of 
the  test  configurations  (flap  size,  Mach  number)  were 
used  as  reference  levels  for  the  following  PWT  tests. 

2nd  test-phase  :  After  the  WT  tests,  the  pane)  was 
mounted  into  a  first  PWT  (‘PWTl").  Investigations 
were  performed  to  establish  response  of  the  panel  at 
the  reference  levels  and,  if  necessary,  to  modify  the 
applied  acoustic  spectra  in  the  PWT  to  match  the  strain 
spectral  densities  measured  on  the  panel  in  the  WT. 

3rd  test-phase  :  Finally  the  test-panel  was  subjected  to 
a  similar  test  campaign  in  a  second  PWT  (“PWT2“). 
The  lest  data  were  reduced  to  the  same  standard  so  that 
all  three  test  facilities  could  be  compared  in  terms  of 
their  exciting  pressure  fields  and  their  induced 
structural  responaef- 

S-3  :  Loading  Actions  in  WT  and  PWT's 

S-3- 1  :  The  preuure  spectra  obtained  in  the  WT  under 
separate  flow  conditions  are  characterized  by  high 
intensities  at  frequencies  below  200  Hz,  with  a  strong 
decay  towards  the  higher  frequencies.  Hven  with  this 
decay,  a  continuous  energy  distnhution  due  to  the 
randomly  fluctuating  pressures  is  present  fur  all  the 
test-configurations  (tee  Figure  10).  The  spatial 
coherence  of  the  pressure  field  is  generally  very  low 
depending  on  the  local  flow  conditions  which  contains 
I  high  number  of  uncorrelated  oddies  (tee  Figure  1 1). 

S-3-2  :  Compared  with  the  smooth  curvet  of  the 
energy  diMrihulion  in  the  WT.  the  pressure  spectre, 
mea.sun!d  in  the  two  PWT's.  exhibit  pronounced  peaks 
which  ate  due  to  internal  acoustic  reeananeet  (standing 
waves  specific  of  the  duct  geometry  and  rigidity)  (see 
Figure  16).  Furthermore  the  correlation  factors  of  the 
acoustic  piessure  are  very  high  :  the  total  pressure 
field  IS  almost  in  phase  in  ihe  PWT's  (si\  i  igura  17). 


N 
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Figure  17  ;  Typical  Correlation 
Factor  Curve  in  PWT 


see  »aa 
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5-4  :  Structural  Response  Characteristics  (Main 
Results) : 

One  main  objective  was  to  compare  the  structural 
reqmaae  of  the  test-panel  under  WT-  and  PWT- 
excitation  and  to  define,  if  necessary,  a  testing  strategy 
to  get  the  same  structural  response  in  both  cases.  The 
comparison  wss  performed  on  the  Power  Spectral 
.Oensities  of  the  strain-signals,  in  WT  and  in  the  2 
PWT's.  The  comparison  has  been  focused  on  2  (of  16) 
representative  strain  gauges  :  SiO,  StI  (see  Fig.  18). 

54-1  ;  The  test-panel  has  a  multi-modal  vibration 
response,  where  the  dominant  modes  occur  in  the 
frequency  range  4(X>-800  Hz.  It  is  apporent  for  SIO 
that  only  2  of  Ihe  dominant  modes,  at  SIS  R  545  Hz 
can  he  significantly  excited  in  the  PWT's,  in 
cotBparison  to  the  4  being  excited  la  the  WT  at  440, 
475,  SIS  A  560  Hz.  On  SiO.  Ihe  high  rpscliul  peak  at 
475  Hz  (in  lbs  WT)  could  not  he  excited  in  the  PWT 
(see  Fig.  18). 

For  Sll.  only  2  of  the  dominant  modes,  el  520  A  720 
Hz  cen  he  significantly  ezciled  in  the  PWT's,  in 
compariion  to  Ihe  4  being  ezciled  in  the  WT  at  385. 
425,  520  A  720  Hz.  However,  in  Ihiz  case,  Ihe  highest 
spectral  peek  wea  ezciled  (sea  Fig.  18). 

Other  strain  gaugm  also  show  similar  characleristkz. 

S4-2  :  Narrow  hind  czcilalioo  :  To  malcb  WT 
azcitaiiani at  strain gaugea numoer  10  A  II,  there  is ■ 
requiremiM  to  ezeite  pencl  modes  at  440,  475  Hz  for 
gtuge  to  and  modes  at  385,  425  Hz  for  gauge  1 1 .  For 
thii  purpoM,  nerrowband  izcitatioo  was  teairkled  to 
between  400  end  592  Hz  center  fiequcnciet.  However, 
this  resulted  in  forced  vihielioos  of  the  penel.  together 
with  ezeessive  respunm  it  rewmenl  conditions. 
Coniequmtly,  it  wet  not  possible  to  define  a  testing 
itiategy  to  obtain  Ihe  same  sliuctural  leeponw  in  the 
PWT's  as  in  Ihe  WT. 

S4-3  :  FB  calculations  support :  From  a  survey  of  the 
Finite  Element  anelytis  work  it  it  appeieal  Ihet  the 
tymmelric  modes  of  Ihe  pencl  are  being  ezciled  in  Ike 
PWT,  whereas  both  symmetric  and  anti-symmetric 
modes  were  ezciled  in  IIm  WT. 

Mom  generally,  iht  study  of  Iks  influtoce  of  tka 
eomlalion  factors  on  Ike  dytunuc  ceaponae  was 
simulsied  hy  FE  cakulaiions.  It  confirms  Ikat,  wkeo 
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Figure  18  :  Dynamic  response  of 
the  lest  -  boa  in  WT  and  in  PWT's 

PSD  of  strain  gauges  10  and  1 1 
(see  location  figure  1 1) 

(micro  dl  / 1)  ••  2  /  Hz  : 


Figure  18a  ;  measurements  in  the 
Wind  •  Tunnel 


Figure  t8b  :  measurements  in  the 
Progressive  Wave  Tube  n*  1 


Figure  t8c  :  measurements  in  the 
Progressive  Wave  Tube  n*  2 


Strain  Gauge  10  Strain  Gauge  1 1 
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Figure  19  ;  Finite  Element  aiiBulalKMi  of  the  influence  of  the  conelal^w  factor  on  the  atiuctuml  response  : 
Comparuon  of  the  PSD  response  of  strain  gauge  I.  for  two  corteiaiioo  levels ;  0.1  and  0.1 


the  correlation  level  increases  from  low  value  (0.1)  to 
higher  values  (I.),  the  symmetrical  panel  modee 
dormnaie  whereas  the  tnti'syimMirkal  modea  reduce 
(sea  Figure  19). 

S-S ;  Condunions ; 

5'S-I  :  Even  with  a  simple  structural  and  aerodynamic 
configumtioo,  dw  phenomerts  involved  are  dready 
rather  complicated.  Several  fondatnental  mechanisma 
appear  to  he  aimultaiteously  raaponaible  for  the 
fluctuation  pattern  on  the  panel.  Representing  the 
statistical  characteristics  of  the  preasure  fluctuaiiont  (in 


WT  and  PWT)  with  a  mnthemetica)  model  requires 
catmetion  end  modelling  of  these  fondaniental 
mechanisma  from  the  availaMe  eaperimentel  data. 

S'S-2  :  Comparing  the  characterialics  of  eacitation  in 
the  PWTa  with  those  in  the  WT,  tome  sigmficant 
diflitmoees  are  ohativad.  Whereaa  the  ptessuie  spsctral 
density  in  the  WT  is  continuously  diatrihuted  with 
high  intsnaitiss  at  low  frequsnciea,  the  PWT‘t  eahihit 
very  peaky  spectral  densitiea,  due  to  internal  acoustic 
reannances  Futlhermore  the  coherence  of  the 
fluctuetiag  prasaurea  is  very  much  higher  in  the  case  of 
the  FWT's  compared  with  the  region  of  aaparaiad 
flows  in  the  WT. 


16-12 


ONving  to  difference,  in  structure  ac<-ustic  coupling 
betueen  the  progressive  wave  field  oi  the  PWT  and 
separated  fic'd  in  the  WT.  different  modes  will  be 
excited  and  hence  speci  I  levels  are  differ--' 
Consequently  iiie  enduranc  of  the  tested  specii  ..n 
may  be  sign,  ficanily  different. 

Narrow  band  excitation  has  been  used  to  try  and  excite 
modes  which  would  otherwise  be  excited  m  the  WT  : 
this  has  resulted  in  forced  vibration  of  the  panel  and 
excessive  forcing  at  •esonnance,  'n  consequence,  it 
was  not  possible  to  dt.  'ine  a  testing  strategy  to  obtain 
the  same  structural  response  in  the  PWT's  as  in  the 
WT. 

The  kwowledge  of  this  difficulty  is  considered  as  one 
of  the  main  Acoufat  results. 

S-3-3  ;  This  work  will  provide  a  valuable  basis  for  the 
'.carance  of  structures  to  actiustic  environments  in 
PWT,  especially  when  it  is  respected  that  the  aero- 
d.-oustic  clearance  of  large  scale  structures  is  both 
impractical  and  expensive. 


Throe  main  aspects  of  the  Acoufat  programme  have 
been  investigated  and  discussed. 

6- '  Suntlard  Random  Vibralitm  Endurance  DaU 
for  CFRP  Mairriab 

The  use  of  the  'frequency  degradation*  criterion  whuh 
is  commonly  applied  as  sta^rd  endurance  limit  of 
clasaical  meullic  maiarials,  hia  hem  evituated  tor 
CFRP  materials.  This  'frequeiKy  dcgradatiaa* 
cnteiKM.  as  the  only  parameter,  waa  not  conaidc.ed 
tuitahia  br  detenninalion  of  spacimm  ’failurw*. 
Further  work  is  required  to  iovealigale  the  naMina  bt 
the  'setlliag  phaac*  obaerved  in  CFRP  materials  It 
wu  thought  that  a  suitahle  criterion  should  he  heaad 
upon  the  defredaiion  of  the  mechanicai  prapeitict 
wluch  caa  be  determined  by  residual  strength  teats  of 
the  spaciment. 

Furtiwrmons.  an  aasessmenl  of  cotton  failures 
compared  to  complex  sliuclural  feilurea  is  rcquiied  ia 
order  to  validaie  the  usage  of  current  coupon  designs 
and  enduraiice  data. 

6-2  :  Aaro-AcotiUk  Loads  Study  (ta  WT) 

Oa  the  hniia  of  Wiad-Tisanel  ealihration  tesla,  a  seaM* 
empirical  model  of  the  tpaiH-temporal  characteristka 
of  the  aero-acoustic  Inada  exerted  on  a  Rat  panel  by  dm 
luibuicnl  field  cnaaled  by  a  flap  (Mtnple  ermfiguttuioa 
of  a  typical  turtwlence)  has  been  developed  and 
utiliaed  aa  'Load  Data  Input*  for  Finite  Elcaaeni 
calculetioM.  The  WT  teal*  have  been  reeaonibty  well 
tepraaeniad  :  the  development  of  Ihia  eemi-enipirical 
model  of  the  ppaiio-tcmpotal  chamcleritiia  of  the 
aero-acouatic  loada  it  eneouiagiag  with  due  initial 
mteem.  The  leaulla  froai  the  iatiial  aaodalliai  stmmti 
that  Ihia  caa  he  ealcaded  to  modelling  the  PWT  *»»»**« 


6-3  :  Teting  of  StnicturHl  Elements  in  WT  and  in 
PWT's 

By  the  Acoufat  'tudy,  it  became  clear  that,  even  for 
a  simple  aerodynauiic  configuration,  the  excition  of 
structures  by  aero-acoustic  loads  may  not  be  simulated 
fully  in  PWT,  by  simply  modifying  and  correctly 
shaping  the  spectral  content.  The  effect  of  the  spatial 
di  stribution  of  the  loadin'*  is  clearly  different  in  both 
ca.ies  and  the  tested  imen  endurance  may  be 
sign.'ficantly  different.  It  is  clear  that  a  theoretical 
approach  based  on  a  correct  prediction  of  the  responses 
to  both  types  of  cisvirruiment  is  required.  If  this  could 
be  achieved,  then  it  may  be  passible  to  design  acoustic 
tests  in  the  PWT  (perhaps  by  applying  narrowband 
acoustic  excitation  with  additional  mechanical 
excitation)  that  would  excite  strucMres  to  the  same 
level  and  spatial  stress  /  strain  disi.  ihulion  even  in 
individual  modes  of  the  structure. 

6-4  :  Since  the  ultimile  aim  is  to  dimension  and  to 
qualify  structures  subjected  to  acoustic  loads.  FE 
calculation  coupl.  d  to  load  input  models  would  be  the 
preferred  solution  to  esublish  a  valid  .omparison  of 
the  strui :  jral  hehavi.mr  in  reel  flight  condiliona  and  in 
PWT  O'  other  ground-r  environment  (i.e.  different 
coupling  fluid  /  struct. For  this  purpose,  the  FE 
calculatKio  is  the  only  available  valid  tool. 

6-S  :  The  resulu  of  thii  .  \coUFAT  programme  have 
eonvtnced  all  the  partners  of  llw  neccasiiy  tn 
cooperate,  to  achieve  and  extend  oe  the  himbitenul 
work  related  to  the  above  areoi. 
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Sunanrjr 

The  Clare  laminalea  bein|  new  type  fibfe  melal  laminatta  with 
pnmianf  laliiue  behaviour  arc  evaluated  for  their  aoouitic 
fati|uc  ptapaitiet.  In  the  ittveati|ation,  tha  aaduraace  dMa  ate 
dcvefoped  by  ttcin|  ihaker  teit  ipecunent.  Siiioc  the  Glare 
laminalea  make  uae  of  lay-upa  and  metal  fanidin|.  Ike  influence 
of  the  lamuMli  lay-up  confifuralion  and  lamperatuie  on  the 
•couiliG  fali|iM  itrenglh  is  inveAifaHd  from  the  ihaker  teal 
rendu.  Four  lypaa  ^  ihaker  apecimeae  are  uaed  in  ihia 
inveaii|ation:  pto  cantilever,  riveled  akin-Mrinter.  bonded 
akA-aoin|er  and  lib-mode  vibratioo  apacimeni.  Two  ablfaned 
Clare  akin  paneli  arc  tealed  in  the  £iO|ii«aaive  Wave  Tube 
(PWT)  at  lABG.  The  panel  leitin^  indkalea  the  importance  ako 
of  the  lacoodaiy  airuclurc  in  the  acouatic  enviiiHimcnt.  aHhou|h 
the  Glare  akin  ilacif  doea  not  ihow  any  damaie. 


INTRODUCTION 

To  meet  the  alitnfcnl  lefety  and  dema|e  lukrance  lepulatiiioa 
fur  the  aamapoiie  vehiclea.  there  haa  baen  cooaidareNe  teaeaich 
to  ihvelop  new  metenali  educh  have  hifh  fatifiw  and  dam^ 
Kderance  pmpeilwa.  Uamp  the  liyhl  wd  kiph  Mienfik 
fihie  lewforuri  plaatKa.  itw  cumpiaulaa  are  dim|nad  In  reduce 
the  akiKtiiiel  wei|hi  of  aaroapace  vehtclei  conatdiraMy.  The 
wonpnetlei  an  ihown  to  be  week  m  impeet-dameie  bderence; 
Ihia  atnol  a  aemnu  pmMim  foe  metallic  matcneli  atace  they 
are  tuiially  foemable  and  widerfo  t  lar|e  ptaabc  defeemakoa 
before  faikM.  Otmthtnaiioai  of  the  hi|k  unK^  lUee  lemfuiced 
plaaaea  wtdi  mettMic  leyen  ia  a  yned  reoefi  to  tadMer  the 
aiahe  ae  weO  aa  lauftie  atreopik  of  the  aaeMrttI  Suice  there  « 
t  hi|k  amiiuni  of  capmenea  w  metal  bondmt  krchiwfofy. 
foinfoni  foe  mauBtc  and  fibre  teinfoeoed  pre-prat  foye**  *»i» 
not  piee  •  pnddim  any  foiifer,  Thua  a  clrna  of  new  mahmih 
u  horn  ^arntde  ^rtniuNed  ^^pmutiam  ^ammekt  lARAU.) 
at  foe  fiiu  nliMMliMi  lemntakt  to  appear  m  foe  marhat 
ltifoiweJhyffltmi^jhimtniem||{fofowed(OUkRE)lewineiei 
The  OliM  tumaiei  are  eemr  letuhte  for  ba-eUii  apphuamiw. 
where  bmuhiliiy  u  ememiet  The  Ufoea  Ikiee  hnee  hyhar 
pkemc  iMn  IMM  foen  foe  eremnle  Ifonu  m  ARAU.  The 
Olere  hemnaiee  am  propMud  for  uw  m  (tMeiape  conamoton 

The  ecouMic  taaipue  hehevawr  of  ctiminininel  ahnnimem 
nfoiyt  M  widaly  mvuaakpied  by  manna  of  tema  arid  aimlyom  1 1  ■ 
4|.  The  tkmmm  w  amemed  to  he  tmhopc  for  ad  praciuEal 
pepuana,  and  foe  fon>anny  danvaiiooa  of  mWinail  or 
amidhiaed  pfokra  are  aaalyiic^  prrloimad  |S|.  The  £nhan 
CdeefnnhmMdQMnptitiaa  (CFRC)  anncaed  a  foa  «f  aHeMam 
d«  k)  da  htph  apeufe  aiaiac  atoatph  The  meanfoaiaui  of 
CFRC  aa  a  viahh  ateeraft  maunal  u  aha  lawnihj  to  foad 
toiieitoi  laiipea  awnifo  IfoTl.  The  ffora  nwiH  lanwadae  are  of 
roceid  ortpw  alfomiph  t-e  umeapi  daad  u  otd.  The  mveanpauon 
into  foe  acoiiaiti:  fotnea  hahaviuai  of  flhnr  metal  laminatta  m 

MMMltHA.  Hml  At  MMMM  ii  luuMiiJ  Ml  Oflt  IMM  cif  fAw 

metal  laniinakat>  namely  OLARB. 


A  Glart  laminala  it  built-up  of  a  number  of  aluminium  and  uni- 
diraclional  glau  £aiaforotd  flaiiic  (GRP)  layers,  u  shown  in 
fli-l.  The  ORP  layer  it  lighter  and  stronger  than  aluminium 
layar.  However,  due  to  the  pretence  of  the  low  moduhH  epoay 
mnitia  maUtiaL  the  avtrage  elaMkily  modului  is  lower  than 
that  of  aluminium.  This  aipaci  is  imporUM  for  ikt  stiflhau 
laialad  probhmt  tuck  m  bulling  or  stmctural  retponsa  due  to 
dynamic  or  aoouuic  toaduig.  Thit  it  all  the  mote  leann  to 
invenigala  into  the  acoustic  fatigue  behaviour  of  Glare 
launaiat  if  they  iie  to  ba  apphad  to  mticiutal  pmu  pnma  to 
acouatic  fatigue.  Sima  the  ntae  matal  laminalat  um  a  latga 
propoitioo  of  matriii  malariaL  tha  malaiial  damping  bahaviour 
of  foe  AraB  laminatoa  ia  invtsiigaaad  |S|.  Tha  inveatigation 
showed  that  tha  malaiial  damping  is  improved,  but  iu  vthit 
compared  to  the  anal  amnuol  of  itrocii^  damping  is  tliU 
nagligihie.  Tha  ganaral  fatigue  hehavioui  of  fihra  metal 
Uminalst  is  showed  to  be  superwr  to  the  ttuminium  aifoyt  |9t. 
Tha  acouatic  fattgus  bihaviour  it  not  invastigatad  for  foots 
laminaftt  until  now.  and  a  fust  allampi  it  madt  ham  to 
urvastigalt  into  foe  acoustic  fatigut  hahtviour  of  Clam 
laminalat  maioly  by  matna  of  lasu. 


he  taato  dhotopwe  -  •  f  amn 


-  *  I  f*  mtpk 

;  m*.«P<r  »a>.^  •»  *  MdhitoA  -hd'd^h  ^gpa 


«  t  4to  9itp|b  btotoilr  1 
tdIRMB  «nto  htodpw^y 

htoforfo  hklrAifo-k 

^0.1  Qfona  LhmMto  Ldpup  and  Oodn  Odiali 

la  foe  hanw  woth  of  for  Eurupnia  udlaNnaiive 
•RITMURAM  pmpnm.  an  atnuauc  Inndmg  and  faiipat 
avahiaima  pniyaa  |t0|  in  toanchad  m  Saptondwr.  liND  tor  a 
duntow  af  lum  yuan.  Tha  pnapci  wdh  at  acruoydi 
'ACOUPAT*  m  fotahdg  wth  'Aciiuiin'  Fakgde  and  lakttod 
danupi  totownnt  uf  nfoanoad  nunpiida  and  matoRu 
thtKhdUt'.  A  p«  of  foe  pnipct  m  to  datotmUM  foe  in~iniii- 
MfM  fonagfo  dMa  of  OliM  laniidaiM  and  fotneby  to  tnafoaii 

foa  Mphaatom  to  (Ham  panal  dea^pt  Tb  gananm  hfoRaa 
wnapfo  data  of  Olaru  lanidwMh  a  aanaa  of  ahahar  imti  it 


PrrMMn.'  to  «  StmpmriiW  m  Imfmt  ufAttmmt  fomdr  m  AiempI  Sirwtonn'  krW  to  tlWrhnnairr.  Mwwnv.  tint  fWd. 
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pcrfonned  at  NLR  [11]  and  ai  Fbkkcr  [12]  on  Glaic  coupona. 
To  evaluate  the  design  implkalion  to  Clafc  panel  two  typical 
panels  are  designed  by  Fokker  and  tested  at  the  PWT  test 
facility  of  lABO  in  Munich  [13].  This  p^er  deals  with  the 
results  obtained  by  the  above  mentioned  testa  and  their 
consequence  to  the  future  design  in  Glare  laminates. 


SHAKES  TESTS 

Due  to  the  presence  of  matrix  material  in  the  GRP,  the  elasticity 
modulus  is  lower  than  that  of  the  ahtminium.  At  the  same  time, 
the  matrix  malerial  can  oomribula  to  the  materia)  dancing.  The 
temparature  influenca  on  the  Glare  material  is  iMstaating  to 
evaluate  sinoe  the  maBix  material  and  the  bondiai  ttiength  can 
be  easily  afNctad  by  the  temparatUN  fluctuatiana.  Three 
operating  temperannea,  -SQ^.  RT  and  10^  aredween  Cm  the 
tests.  Anothar  interesting  aspect  to  Glare  rnaterM  taatiag  is  to 
evaluate  the  influence  of  the  laminale  lay-up.  A  stiffenad  Glare 
skin  panel  being  subjected  to  acoustic  loading  responds  to 
vibration  modes  which  cause  relatively  higher  bending  sbesies 
at  the  attachment  localionc  of  the  skin  with  the  sBinger  or  the 
frame.  Typical  coupon  conTiguratiam  am  chosen  to  represent 
the  joim  design  attd  also  the  vibratioiu  modes  uttder  acoustic 
loaduigs.  The  panel  vihralion  mode  at  the  attachment  causes 
bending  stresses  in  the  skin.  The  skin-mode  vibtMion  tests 
establish  the  fatigue  ttiength  of  skin  at  the  sninger  or  frame 
jauus.  Bul  the  saeendary  paru  attached  to  the  skin  can  also  be 
vulnerable  to  fatigue  damage.  The  rrh-mode  vibration  tesla 
eetabluh  the  fatigue  slienglh  of  die  secondary  parts,  which  am 
sBMgm  and  libs  (or  frames)  m  the  stiffened  peneh. 

Sueameiwing.  die  coupons  ate  tested  with  the  foBowuig 
vsnetiona: 

I  Three  laminate  lay-ups  ate  tested. 

2,  ttKWfWMIt  m  ItSlld  si  llvsi 
RTmdHrC. 

3.  Two  typical  vihraltoH  modes,  ooe  m  skm-mode 
vdeahnn  and  another  m  nb-oimlt  vdeation,  are 


determine  the  lay-up  details.  The  codes  of  other  glare  laminates 
used  in  the  terns  are  also  presented  in  fig.l.  Glare  laminates. 
GLARE-A.  C  and  E,  arc  used  for  skin  elemenu  and  Glam-G  is 
used  only  for  the  siringem.  The  four  types  of  Glem  specimens 
am  shown  in  figs.  2  to  S. 


Fig.  3  BoniM-tIrIngnr  apacimnn 


Atthruir  Anr>t:K 

Fig.  4  Rhmldtf-aliitiQnr  apndtnnn 


4  The  enuptms  am  tested  wuh  bonded  or  riveted 


n.^sr.1  |s.,rfer<  lit  AIM  t 
V.^anr  M  l«i^  ^Ih 


Fig.  a  PMn  apdeMnn 

ranee  rsmpmiipestoeeeai 

The  dNadi  of  die  lemuMle  tqr  tipe  end  the  cede  of  Olmu-C  em 
given  M  fig  I  hu  dhaMian.  Flam  die  eodi.  m$  H  ehie  to 


ttMOrd  Id  Mil  I 

ItnrWd  NliW|ivi  t'l  Mil  1. 

AI  II.I  *h 


ft 

9  nvfvwv  mwon  spscBiwn 
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Plain  specimena  (fig.  2):  with  thia  specimen  type.  Die  faligue 
strength  of  a  skin  in  the  prcsenoe  of  a  discontinuity  in  the 
thkknesa  is  tested.  These  tests  are  used  to  evaluate  the  influence 
of  laminate  lay-ups  and  temperature.  Three  types  of  skin  lay-ups 
are  tested,  each  type  in  three  temperature  levels.  Bonded  skin- 
stringer  specimens  (fig.3)  are  tested  to  fuid  the  influence  on  the 
fatigue  strength  of  the  bonded  skin-stringer  attachments,  and 
sii;ulariy  riveted  akin-strii^  specimen  (rig.4)  for  the  fatigue 
strength  of  a  riveted  skin-stringer  attachment.  Rib-mode 
vibiation  specimens  (fig  J}  ate  tested  to  determine  the  influence 
or  (he  ioint  fatigue  strength  when  the  secondary  dement,  which 
IS  stringer  in  this  case,  is  in  resonance. 

Ted  procedure 

The  acoustic  fatigue  tests  are  poformed  on  an  electtom^nelk 
shaker.  Three  specimens  are  clamped  simultaneously  in  a  fislute 
mounted  oci  the  shaker.  The  spacimeaa  are  loadad  by  a  nairow 
band  'lequency  centred  around  the  average  fundamental 
frequencies  of  the  specimens  (f,)  as  shown  in  fig.d.  The 
bandwidth  is  so  choasn  that  the  specimens  contimie  to  teionate 
even  if  there  is  a  freque.tcy  drop  ui  one  or  more  of  the 
specimens. 


Fig.  6  Shikur  nanoer-tand  toading 


The  iMMag  h  emned  ant  m  two  ghasei  .  pte  tart  ghant  and 
actuai  test  fliaaa  the  pie-aM  ffoesi  w  MMnM  In  eaphue  die 
dynamie  hehmmiur  nf  each  spacunen  type.  Ae  pwpai 
fIraMI  ll*  IdVilt  Ikt  fMMMMI  MMIP 
tha  caliNiaun  of  mrasuhng  dreanm  SFaTS  (sauta  gBaam 

tfMjMP  wf  Wt€  vWIWP'WWKMjr  WnWI  M  W  Si  nWK  9 


determine  the  street  distribution  during  the  pre-test  level.  In  the 
ectuel  lest  phase,  the  nature  frequencies  of  the  tpecunens  era 
continually  mcuured  at  NLR  by  monitoring  the  Hall  generator 
which  gcncnlee  current  induced  bom  a  fluctuating  magnetic 
rield. 

Fiftt  an  allowance  it  made  for  the  drop  in  fniqucncy  due  to  the 
inibal  setUement.  After  that  a  2%  Aop  in  frequency  during  the 
led  is  defined  as  the  ftihne  criterion  for  the  specimens  (fig.?). 
The  bcquency  can  (hop  due  to  stifTnmi  ndliction  following  a 
crick,  delssninalion  between  Iqicft,  change  in  support  condition 
due  to  rivet  failure,  de-bonding  of  stiffoner  and  skin  or  matrix 
cracking.  If  no  vitnal  damage  is  found,  the  test  is  contwued 
somtSimes  hy  adjusting  the  bcquency  range  around  the  then 
rawnint  bequency.  Moatly.  tto  2%  bequency  Aop.  the 
dMsiiotttiott  h  qt^  and  Mw  damage  growth  life  is  not  high 
(fi|.l).  The  fiihm  oomhtian  of  each  specunen  is  dudied  and 
fccotdad. 


Fig,  I  FmqtNAey  mnnaummanl*  tot  Olm*  ipnamnng 

For  the  high  wd  low  tempemuie  tests,  an  sudaiot  bos  u  pfoced 
over  the  tpacwwne  which  are  mouniad  on  the  shaker.  The 
tempetilute  cowhuoo  wuhw  the  boa  »s  ratlired  hy  Mewwig  m 
eilbtr  lupnd  wtiogan  or  hot  im. 


Figt 


l^tMtoeMionn) 


Tha  anm  gangs  locaitnni  on  te  gucimini  at*  drawn  m  flge. 
3-)  In  dto  NUt  acNk  id  lefonwe*  pMtge  MadMga  ■»  umd  to 
calndde  iit  nuaunum  snees  Irvel  hy  utnig  At  hwnlat 
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function  established  earlier  in  the  pilot  tests.  The  calculated 
maximum  rms-strain  levels  are  used  in  the  endurance  plots.  In 
the  Fokker  tests,  the  strain  gauges  are  placed  at  the  maximum 
stress  locations  and  the  gauge  readings  are  directly  used  in  the 
test  evaluation. 

Specimen  test  results 

Typical  curves  of  the  SPATE  measurements  are  shown  in  fig.8 
for  the  Clare-A  laminate  plain  specimens.  The  results  of  the 
fatigue  te.sts  are  presented  in  figs. 10-15 


Fig.  13  Endurancn  plots:  influence  of  lay-up  configuration 
-  plain  specimens 


Fig.  10  Edurance  plots:  temperature  Influence  -  plain  ^ 

specimen  Glare-A 

Fig.  14  Endurance  plots:  comparison  of  riveted  and 
bonded-stringer  specimens 


Fig  It  Endurance  plots  temperature  mtluance  -  plain 
speomen  Qlare-C 


Fig  IS  Erxiurance  plols:  r4)-mode  vibralion  apecimans 


A 


••  s«.  ’  w.  ..M 

12  Ertdurance  pMs:  lemperaluis  mfluertce  plain 
specimen  Qlaro-E 


Plain  tpnuncn  rcsulU  the  inllucncr  of  the  three  lempaalure 
vinaiatni  and  the  taminsie  lay  ufM  u  invritigatad  by  the  plain 
tpKimen  tests  Tfiete  is  hardly  any  mnuerwe  of  iem|straiure 
obamed  for  the  fabgua  behavuiui  of  Clan- A  and  Clare  E  Fie 
Glare -C.  detereeatHw  of  the  fatigue  profwitsea  it  observed  both 
at  high  (•■trC)  and  loer  t  VrC)  temperature,  tee  figi  10-12  . 
At  rtsen  tempcralure.  the  fatigue  hebavsett  of  Gtare-C  n  better 
than  dtei  of  Clare. A  or  Olare-E  (iig  |1>  The  damping  ralms  of 
Glare-A.C  and  E  are  0  nPh,  II  tbira  and  0  152%  rcspecuvcly. 

Kiveied  and  KeuM  tamgcr  tkin  tpccimcnt  Here  ira\  (he 
fatigue  behevtuur  of  Clare  C  it  better  than  that  of  Glare-A  or  of 
Clare-E  The  fatigue  Irvet  of  the  temded  skin  ainngcf  tpaomena 
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are  better  than  those  of  the  riveted  skin-stringer  specimens 
(fig.  14). 

Rib-mode  vibrations  specimens:  The  tests  are  conducted  with 
the  same  shaker  input  level  for  all  three  specimen  types.  The 
fatigue  behaviour  of  Glare-A  is  belter  than  that  of  Glare-C  and 
E  (fig. IS).  The  damping  ratio  of  Clare-A  and  E  is  higher  than 
that  of  Glare-C.  From  the  material  point  of  view.  Glare-C  and 
E  are  of  the  same  metal-GRP  composition  except  for  the 
differences  in  the  laminate  lay-up.  From  the  tests  of  these 
specimens,  it  is  seen  that  Glare-E  specimens  have  the  lower 
maximum  stress  for  the  same  shaker  input,  higher  damping  ratio 
and  higher  fatigue  life  than  those  of  Glare-C  specimens. 


PWT  TESTS 

PWT  Specimens 

Within  the  framework  of  the  BRITE/EURAM  collaborative 
program,  two  Glare  panels  are  designed  and  manufactured  at 
Fokker  and  tested  at  the  lARG  acoustic  facility.  The  panel 
details  are  shown  in  fig  16.  The  panel  design  is  typical  of  a 
wing  skin,  shffened  with  stringers  and  nbs.  The  stringers  gel 
free  passage  through  the  ribs,  by  means  of  castellatKin  The 
joint  at  the  inlerscclKin  between  a  stringer  and  a  rib  is  an 
iinportanl  pan  of  design.  Except  for  the  top  skin,  the  panel 
design  is  identical  for  the  both  specimens. 

«  ■«'  •  '  •  *  •  •  •  • 


Fig.  16  PWT  tMi  pan*!  dMlgn  d«Uiit 

Each  im  panel  it  budi  as  a  hip  panel  of  a  tua  The  (hip)  panel 
skm  IS  of  cithar  Clan  A  or  Clare  E  Klomet  ciouhkfs  an  made 
of  Gian  A.  and  they  an  also  (amhiJ  hi  the  akin,  so  that  the 
skm  u  thwkancd  at  the  Isicabiiaa  where  the  stringers  or  nhs  an 
aiwhaJ  The  ahuninnim  stringers  ere  bunJeii  on  hi  the  skm 
douhlet.  and  the  riha  an  nveted  to  the  skm  The  design  dctaila 
of  the  snlt  walls  and  the  Kuhim  skm  are  not  rr'rrant  to  the 
present  mvestigatron  However,  the  srde  walls  and  the  Ixitlom 


thick  skin  panel  are  designed  not  to  interfere  with  the  acoustic 
fatigue  behaviour  of  the  test  panel.  The  dynamic  behaviour  of 
the  box.  including  the  test  panel  is  analyzed  by  means  of  finite 
element  calculations.  The  calculations  are  carried  out  by 
Dassault  as  a  collaborative  task  within  the  framework  of  the 
Britc/Euram  program.  The  calculations  show  how  thick  the 
bottom  skin  must  be  in  order  to  avoid  any  interference  with  the 
top  test  panel. 

PWT  testa  and  rttulU 

The  panels  are  tested  in  two  phases,  the  first  for  modal  test  and 
the  second  for  acoustic  faugue  test.  The  modal  response  of  the 
two  test  panels  is  first  evaluated  by  exciting  the  panels  by  a 
loudspeaker  at  sound  pressure  level  of  104  dB.  The  natural 
frequencies,  mode  shapes  and  damping  factors  are  determined 
from  the  measurements  of  five  accelerometers  which  are 
mounted  on  the  pianel.  The  typiical  plot  of  vibration  mode  is 
given  in  fig.lT.  The  damping  of  the  individual  natural  modes  is 
obtained  from  the  decay  oscillations  as  well  as  from  the 
frequency  respionse  curves  (3  dB  method)  The  values  of  loss 
factor  T)  arc  0.0I58.0.02S5  for  the  Glare  A  panel  and  O.ltW  ■ 
0.0123  for  the  Glare  E 


Acousik  laiigiM  tesla  me  performed  m  the  PWT.  and  the  panels 
an  eacited  by  the  acoustic  spectra,  wfuee  ricilalinn  beisd  wnlih 
u  preihrmed  from  the  reeulls  of  the  mndal  4eeis  TIhi  biwanly 
chuck  u  firei  earned  out  by  increasing  SI*L<  and  muasuting 
taam  gauge  ims. strain  values  Ruth  pianels  show  the  same  non- 
lineanties  which  are  charactennd  by  a  digruearee  ratio  hi  the 
caae  of  8CI  (sham  gauge  no  I  in  fig  II)  and  paogreasivc  ratio 
in  the  caae  of  SGI  I  (and  $012).  as  shoem  in  fig. 19  The  non- 
iHMunliee  are  altnbulad  to  the  preeencu  of  membrane  atresan. 
prtvenimg  dw  skm  from  nhralmg  at  large  ampiUudes  From  die 
regular  fatigue  tests  hi  run  1-6.  a  number  of  PSU-phUs  we 
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made.  The  plots  indicate  that  with  increasing  acoustic  loading, 
the  higher  order  modes  become  more  pronounced  when 
compared  with  the  amplitudes  of  the  fundamental  mode.  The 
total  number  of  modes  is  slightly  reduced  for  higher  SPLs.  Two 
such  typical  plots  are  given  in  fig. 20  and  21. 


'  i«l  v»j  igut  'v»>  MU,.'  ••>>«« 

ItJ  1M  <M  >«i 

Fig.  18  Linearity  Check  with  strain  gauge-t  (SGt) 
readings 


noticed  in  the  Glare  skin,  and  so  also  in  the  stringen.  The 
geometrical  details  of  the  rib  are  shown  in  Tig. 23.  The  panels 
are  repaired  by  strengthening  the  rib-castellations  close  to  the 
skin.  An  additional  back-up  L-profiles  are  used  with  the  ribs  as 
shosvn  in  fig.24.  After  the  repairs,  the  second  set  of  acoustic 
fatigue  tests  began  at  an  OASPL  of  159  dB  for  four  hours  and 
at  l62dB  for  the  last  one  hour.  Cracks  are  seen  again  at  the  rib- 
skin  flange  comers  during  the  tests  and  they  do  not  grow 
cnbcally  even  after  the  162  dB  OASPL  tests.  The  comer,  of  the 
rib-skin  flange  arc  rather  damaged  at  a  number  of  locations.  The 
Glare  skins  remain  intact  throughout  the  tests.  The  damage 
details  are  shown  in  rig.2S. 


:  I : 

1-  ■ 


I 


<«  '  ]«i  I4t  iM  >•« 

Fig.  19  Linearity  Chack  with  atiam  gauga-tt  (SGtt) 
raadinga 


Fig.  20  PSD  piM  St  an  OASPL  of  124  dSdarz  input 

in  the  foil  set  of  lest,,  the  sttain  gauges  at  the  nh  flange 
aUaLhai  to  Itw  tkui  show  wry  high  sUesset.  and  the  test  was 
inlcmiiacd  prematunly  by  mmcing  the  faiture  .4  the  iib 
flanges  The  damage  kwaism  and  detaih  arc  show;!  in  fig  22 
This  IS  a  typical  nb  failure,  wharh  is  s«en  in  the  past  lie  su.h 
libs  wMh  aluminium  panels  |14|  However,  no  ilamage  is 


Fig.  21  PSD  plot  at  an  OASPL  ot  148  dBdarz  input 
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Fig.  23  Rib-castallalion  dalails  In  tha  initial  dasign 


Fig.  2Sa  Saoond  m<  oI  acouilic  laiigua  Itiia  in  PWT  - 
cracM  at  tha  caits^^uon  connacton  w«h  tha 
aumgan 


Fig.  2Sb  Sacend  sat  ol  acoustic  tatigua  tasts  in  PWT  • 
damaga  at  tha  castallation  connacton  with  tha 
stringars 


UISITSSION  AND  COM’I.TSIONS 

The  ihakci  Itsls  an;  limited  in  numhcie,  and  a  detailed 
ilatiMival  anaiyiK  i>  not  pciriumed  nn  the  reiulU  In  the  ahaket 
teat,  the  effeet  of  laminate  lay  up  it  invetti|aicd  Dunns  the  nh- 
mude  viheatain  Icsu.  itueatiun  anne  whethet  the  letU  were  li> 
he  earned  out  with  the  tame  input  level  uf  Ol  ihe  tame 

tUain  level  for  tvilh  ipeeiment  undei  eompanton  Foi  intianee. 
fo(  Ihe  uune  input  level,  Glaie  E  lamplei  th«w  lowcf 

ilrain  than  dale  C  tamplet.  and  Clare  E  tamplet  have  hiphet 
falisue  livet  than  Glare  C  tamplet  It  ihc  letl  it  earned  out  at 
tha  tame  ttiain  m  both  lampici,  hut  with  dillereni 
input  Icveli,  Clare  C  tamplet  have  hisher  lalisue  livct  than 
Clare-E  tamplet  Thu  ilk>w  how  didieull  it  it  ai  make  an 
ohfeelive  etenpanton  between  the  letultt  o|  oiherv  The 
damptns  rn>pe>ly  and  the  tUcti  kvelt  are  bteh  impittant.  and 
evaluaiam  thall  me  be  eaty  it  dsmpnp  behavaiur  it  me  km>wn 
In  etanpartion  with  Aluminium  ipeemtent.  Clare  tamplet  are 
teen  h>  he  belter  The  aSive  tiaiemcnl  u  tubyeei  k<  Ihe 
aitumpiion  that  dampni  it  the  tame  in  both  maleiial  and 
tampiea 

The  iLnunIre  taiifiM  iltensth  ol  Clare- A  taki  E  lammalct  it  me 
afleeted  by  Ihe  temperature  nuttuammi  at  the  aiitralt  memal 
opeialaei  However,  Ihe  temperature  mnuciKe  on  Clare  C  it 
found  to  be  detrimental  to  the  (altsuc  tuenylh  The  Setded  font 
It  more  dcteable  than  the  nvelcd  at  I ar  at  Ihe  atteaiUt  lalistM 
It  tteitemed  The  lay  up  ueirisuralaei  •>(  the  Clare  lammalct 
duel  me  play  any  dct  itive  role  h>  unprovc  Ihe  (ensue  livet 

The  panel  teati  ihow  that  leeh  the  punary  and  ictimdary  paiu 
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are  design  critical  for  acoustic  loading.  The  tests  show  that 
Glare  panels  can  withstand  high  acoustic  loads,  if  support 
structures  are  properly  designed.  The  rib  design  seems  to  he  the 
most  critical  for  a  wing-lilce  structure  subjected  to  acoustic 
loads. 
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Thtnno-vlhro-acouitlc  aaaijrilt  and  test  of 
•kin  paatli  for  airbreathlng  hjrpcnonic  vthicUt  li 
made  for  a  gencrie  vehicle  and  trajectory.  Aerother* 
mat  aoalyili  ihowi  that  Implngcmcot  of  the  how 
•hock  wave  on  the  vehicle  and  englite  nolle  pro¬ 
duce  high  fluctuating  preiiurci  and  local  heat  fluiei. 
Maximum  temperature*  will  eiceed  ITOO  F  (1410 
C)  at  the  top  of  the  aicent  trajectory  and  engine 
•ound  kveli  will  exceed  170  dB  at  takeolT.  Ai  a 
reeult,  loadi  due  to  engine  acouitki  and  ihock  Im¬ 
pingement  dominate  the  detIp  of  many  traniat- 
moepherU  vehicle  ikln  paneli. 

1.  INTRQDUCIIQM 

Thermal,  acouitic,  engine,  matvlal  and  per¬ 
formance  Imuh  are  Interdependeot  In  the  deelgn 
of  alrhreathing  hyperioolc  vehicle!.  Thii  paper 
Ideotiflee  a  generic  Blended  Wing  Body  (BWB) 
vehicle  '•*  Aeroacouitlc  load*  and  engine- Induced 
load*  on  the  ikln  are  then  delermln^.  Thermal, 
•tatk,  and  dynaoalc  reiponrev  are  found  uilng  fl- 
nite  element  methodi.  TnU  're  made  on  lul^- 
menti  and  material  coupon*  to  uiei*  the  thermal 
capability  and  fatigue  itrength  uader-theM  load*. 

The  miiilea  objective*  of  the  hypervonic  ve¬ 
hicle  are  to  1)  reach  orbit  wltu  a  *lnal*  iiage  vehi¬ 
cle  and,  ij  maintain  hypertonic  ji*  uclag  pri¬ 
marily  alrhreathing  en^ne*.  T*  eupport  cogna¬ 
tion  uilng  the  oxygen  Dm  the  atnioipher*,  aiceat 
trajectorle*  fall  between  a  lower  italic  preiiur* 
limit  of  NO  Ih/n*  (10000  Pa)  and  a  maximum 
dynamic  preiiur*  of  MOC  Ib/n’  and  the  orbilal 
velocity  Bmit  of  Mach  >0  m  ihown  la  Pig.  1. 


Hypersonic  light  la  the  atmosphere  cause* 
aerothermal  heating  of  the  vehicle  ikia.  Thii  aerothei 
mal  heating  Is  conilderably  more  levere  for  alr- 
kreathlng  vehicles  than  rockets,  such  a*  the  space 
shuttle,  which  canies  oxygen  Inttf  nally  and  reaches 
hypersonic  speed  above  the  earth’s  atmosphere.* 
Tiro  ascent  trajectories  were  analysed:  1000  q 
and  3000  q,  where  q  Is  the  dynamic  pressure  of 
the  Incoming  air  In  pounds  per  square  foot  that 
the  vehicle  maintains  during  aicent.  Both  ascent 
trajectories  are  plotted  In  Fig.  I.  Time  to  orbit 
Is  to  minutes,  and  the  acceleration  of  the  vehicle 
Is  assumed  to  b*  a  constant  0.03  g,  where  g  Is  the 
accsleratlon  due  to  gravity  at  the  earth's  surface. 

For  a  given  vehicle  Mach  number,  the  dy¬ 
namic  pressure  q  Is  higher  la  the  dense  air  of  lower 
altitudes.  Fbr  l^*  same  Mack  number,  the  3000 
q  ascent  trajectory  Is  at  lower  altitudes  and  la 
denser  air  than  the  1000  q  uceat.  During  both 
ascents,  aerothermal  heal  fluxes  will  cause  high 
skin  temperature*.  T»  reduce  the  heal  flux  and 
slow  down  the  rat*  of  skin  panel  tvmperalur*  rise, 
the  vehicle  must  gala  altitude  Into  kiis  dens*  air 
a*  speed  berease*.  This  is  shown  by  the  Isotber- 
mai  skin  trujeclocy  UnH  b  Fig.  I.  Descent  from 
orbit  Is  mad*  with  the  alrbreathlag  enginn  shut 
down  at  300  q  b  a  trajectory  similar  to  the  de¬ 
scent  trajectory  of  the  space  shuttle  (Fig.  1). 

3.  DESCRIPTION  OF  VEHICLE 

Optimised  airbreathing  Iransalmospheric  ve¬ 
hicle  ocilgn  concepts  are  driven  by  1^  single- 
stage- to-orbit  objective  and  the  need  to  carry  Iwg* 
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volumes  of  cryogenic  liquid  hydrogen  fuel.  The 
Blended  Wing  Body  (BWB)  hypersonic  trnnsst- 
mospheric  vehicle  design  (Fig.  2)  was  selected  for 
generic  anslysis.  To  increase  internal  fuel  capacity 
(about  60%  of  gross  tahe-off  weight  is  luel),  recent 
transatmospheric  vehicle  designs  are  evolving  to¬ 
ward  somewhat  stockier  lines  than  those  of  the 
BWB  of  Pig.  2.  However  the  BWB  twin  tail  and 
lower  midbody  engine  configuration  remains  the 
baseline  fur  most  studies. 

The  Blended  Wing  Body  vehicle  has  an  over¬ 
all  length  of  approximately  100  feet  (30  m),  and 
has  a  130,000  lb  (68000  kg)  gross  weight.  Lo¬ 
cation  of  the  engine  is  important.  The  BWB  hy¬ 
personic  vehicle  has  airbreathing  scraiqjet  engines 
placed  at  midbody.  This  allows  the  vehicle  fore¬ 
body  to  act  u  a  compression  surface  for  the  inlet 
and  the  aft  body  to  be  an  expansion  nosile  for 
the  exhaust.  The  disadvantage  of  midbody  en¬ 
gine  placement  is  that  the  aftbody  vehicle  skin  is 
exposed  directly  to  engine  acoustic  radiation. 

The  high  temperatures  of  hypertonic  vehi¬ 
cle  skin  panels  require  unconventional  materials. 
Conventional  high  temperature  aluminum  alloys 
such  as  2219  Al  have  upper  working  temperatures 
of  330  F  (175  C)  but  may  be  used  to  300  P  (260 
C)  for  limited  periods  of  time  with  tome  degra¬ 
dation  of  properties.  High  temperature  titanium 
alloys  such  at  Ti  6Al-2Sn'eZr-2Mo  have  a  nomi¬ 
nal  maximum  temperature  limit  of  1000  F  (340 
C),  but  recent  test  suggest  that  they  may  be  used 
to  1200  F(630  C)  if  exposure  duration  it  limited 
to  forestall  yhase  changes.  Nickel  and  Iron  bated 
tuperalloyt  are  limited  by  oxidation  and  creep  be¬ 
yond  1800  F  (980  C). 

Silicon  and  carbon  ceramics  rre  capable  of 
temperatures  in  excess  of  2000  F  (1090  C).  In  ho¬ 
mogenous  solid  form,  these  ceramics  are  loo  brit¬ 
tle  and  damage' sensitive  for  use  aa  primary  struc¬ 
ture.  Composites  with  carboo  or  silicon  libers  In 
a  durlUe  matrix  have  the  loughnets  and  maxi¬ 
mum  temperatures  capability  to  allow  their  use 
for  |.rimary  structure.  Three  ceramic  composites 
were  considered  for  vehicle  skin  panelst  TMC,  Si- 
C  SiC/SiC  and  carbon  carbon.  Titanium- metal- 
matriX'Composites  (TMC)  have  silicon  carbide  ce¬ 
ramic  libers  in  a  ductile  titanium  matrix,  SI  C 
composites  have  silicon  carbide  libers  in  a  cu- 
boo  matrix,  SiC/SiC  is  a  composite  of  silicon  car¬ 
bide  libers  in  a  silicon  carbide  matrix,  and  carbon- 
carbon  has  carbon  llb/n  in  a  carboo  matrix. 

Cvbon  and  silicon  carbide  liber  composites 
are  generally  limited  by  the  temperature  capa¬ 
bility  of  the  matrix  rather  than  the  strength  of 
the  Hber.  Oxidation,  the  spontaneous  combina¬ 


tion  of  atmospheric  oxygen  with  a  carbon  matrix 
to  form  gaseous  C02,  is  a  common  high  tem¬ 
perature  failure  mode  of  carbon  matrix  compos¬ 
ites.  Silicon  carbide  glass  coatings,  applied  at 
high  temperature  by  gaseous  diffusion  or  by  di¬ 
rect  surface  compaction  of  powder,  have  been  de¬ 
veloped  to  inhibit  the  penetration  of  atmospheric 
oxygen  into  carbon-carbon.  Powdered  oxidation 
inUbitors  can  be  added  to  the  carbon  matrix  to 
retard  oxidation  if  the  coating  becomes  damaged. 
Metallic  composites  also  suffer  from  oxidation  at 
high  temperature  if  coatings  are  not  applied.  Cur¬ 
rent  generation  titanium  matrix  alloys,  such  as 
lSV-3Cr  Ti,  aie  degraded  by  oxidation  and  creep 
above  1000  F  (540  C).  Titanium  matrix  alloys 
such  as  15Mo-3Mb-3Al  Ti  arc  being  developed  to 
improve  oxidation  and  creep  properties  of  TMC. 

Skin  panels  representative  of  the  BWB  hy¬ 
personic  vehicle  (Fig.  2)  were  designed  and  fab¬ 
ricated  as  part  of  a  study  of  aero-thcnnal-acoustic 
fatigue  of  hypersonic  vehicles.*  Carbon-carbon  was 
chosen  for  the  forcbody  and  the  ramp  skin  pan¬ 
els  because  of  thermal  and  weight  considerations. 
The  lower  forcbody  panel  is  shown  in  Fig.  3. 
The  carbon-carbon  laminate  consists  primarily  of 
0*790*  plies  of  carbon-carbon  fabric  sandwiched 
between  two  outer  plies  of  fabric  oriented  at  43*. 
The  45*  fabric  plies  were  included  to  increue  buck¬ 
ling  allowables. 

The  blade  stiffeners  taper  off  into  thickened 
side  rails  (Fig.  3)  to  avoid  the  unacceptable  inter¬ 
laminar  stress  1^1  would  result  if  the* blades  were 
tied  directly  into  the  side  rails.  The  blade- type 
stilfener  it  chosen  because  it  avoids  the  re-entrant 
comers  of  Z-,  T-,  and  hal-ttilfeners  which  cannot 
be  coated  with  silicon  carbide  glass  to  inhibit  oxi¬ 
dation.  A  layer  of  alumina  instdatioa  between  the 
panel  and  the  substructure  minimises  heat  trans¬ 
fer  into  the  cryogenic  hydrogen  tank. 

The  upper  fuselage  midbody  and  aAbody  skin 
are  single- faced  corrugated  panels  formed  from 
advanced  titanium  matrix  composite  (TMC)  as 
thosrn  in  Pig.  4.  Typically  the  panels  are  4  feet 
by  4  feet  (1.2  by  1.2  m)  with  32  corrugated  stiffen¬ 
ers  per  panel.  Tbe  panels  are  attached  to  under¬ 
lying  titanium  ring  frames  and  longerons.  TMC 
was  chosen  for  midbody  and  aftbody  skin  panels 
because  It  has  the  stiffness  required  to  resist  local 
panel  buckling  (the  failure  for  much  of  the 
midbody)  while  withstanding  the  midbody  skin 
temperatures. 

The  wings  and  vertical  stabillxers  are  also 
fabricated  from  advanced  titanium  metal  matrix 
composite  with  corrugatlcm-stlffened  single  skins 
which  are  separated  by  l-section  spars.  The  cor- 
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nigationi  art  on  1.7  inch  (4.3  cm)  centen  and 
are  2.5  inches  (6.35  cm)  in  height.  All  webs  and 
flanges  are  0.015  inch  (0.38  nun)  thick  -  the  min* 
imum  gage  for  TMC.  Figure  4  shows  a  prototype 
of  a  TMC  wing  panel  section.  The  silicon  carbide 
fibers  in  TMC  are  formed  by  vaporisation  of  sil¬ 
icon  carbide  on  a  graphite  filament.  The  fibers 
are  then  coated  with  a  carbon- rich  layer.  The 
skin  sheet  in  Fig.  4  it  a  laminate  of  seven  lamina 
(layers)  of  alternating  0*/90*  fibers.  The  TMC 
hat-stiflener  sheet  is  diffusion  bonded  to  the  skin. 

The  notile  structural  concept  it  an  actively 
cooled  panel  shown  in  Fig.  5.  Active  cooling  it 
achieved  using  liquid  hydrogen  which  is  pasted 
through  channels  milled  into  the  face  sheets  before 
entering  the  engine.  The  actively  cooled  panel 
core  it  titanium.  The  face  sheets  are  advanced 
titanium  matrix  composites.  The  panels  arc  48 
inches  (1.2  m)  square.  The  panels  art  supported 
by  advanced  tit^um  matrix  composite  frames, 
which  are  in  turn  attached  to  the  underlying  struc¬ 
tures.  The  actively  cooled  honeycomb  sandwich 
was  selected  in  consideration  o^  the  extreme  tem¬ 
peratures  and  beat  fluxes  from  the  engine  exhaust 
-  conditions  which  make  passively  cooled  struc¬ 
tures  untenable  in  the  noislc  region.  However, 
ongoing  evaluations  indicate  a  possible  chemical 
incompatibility  between  titanium  and  liquid  hy¬ 
drogen.  Thus,  use  of  materials  other  than  tita¬ 
nium  may  be  required  for  actively  cooled  panels. 

y,  i^EROTHKRMO  ANALYSIS 

Aerothermal  healing  and  aeroacoustic  pres¬ 
sure  fluctuations  are  pr^uced  in  the  boundary 
layer  (Ref.  4)  and  amplified  by  shock  wave  im¬ 
pingement  (Refs.  5,  8),  shown  In  Fig.  fl.  Noi- 
ale  loads  were  determined  by  a  separate  analysis 
of  the  burning  gases  Typical  peak  heat  flux  on 
the  nossle  wm  computed  to  be  250  c 

(3.83  WlV/m*)  at  the  combustor  exit,  with  an  av. 
erage  value  of  140  BTUlfO  (2.0  MW/m*). 
This  nossle  heal  flux  Is  ten  times  greater  than 
the  heat  flux  associated  with  attached  turbulent 
boundary  iayer  on  the  remainder  of  the  vehicle. 
The  nossle  heat  flux  would  lead  to  temperatures 
la  excess  of  3000  F  ( 1550  C)  on  nossie  skin  panels 
if  active  cooling  were  not  provided. 

The  Laganelli  and  Wolfs  (Ref.  5)  correlation 
predicts  that  the  rms  fluctuating  skin  pressure  at 
shock  impingement  is  156  dB,  with  a  peak  local 
heal  flux  of  92.5  l»Tf///t’  sec  (1.05  MW/m*)  at 
Mach  20  in  the  1000  q  aKenI  trajectory.  These 
loads  increase  by  a  factor  of  two  for  the  2500  q 
ascent.  In  the  absence  of  shock  impingement  the 


heat  flux  for  the  1000  q  ascent  is  20  BTU/fl*- 
tee  (0.22  MW/m*)  and  the  fluctuating  pressure 
is  only  140  dB  (Fig.  9).  Thus  location  of  shock 
impingement  it  critical  to  the  design  of  hypersonic 
vehicle  skin  panels. 

TVansient  thermal  analysis  of  the  carbon-carbon 
skin  panels  was  made  to  determine  skin  panel 
temperatures  during  ascent  to  orbit.  The  panels 
receive  thermal  energy  from  aerodynamic  heat¬ 
ing  of  their  surface  and  reradiate  this  thermal  en¬ 
ergy  into  space.  An  alumina  insulation  blanket  is 
placed  between  the  panel  and  the  substructure  to 
limit  convective  heat  transfer  into  the  substruc¬ 
ture.  Temperature  rise  of  the  forebody  panel  due 
to  aerodynamic  beating  of  the  attached  bound¬ 
ary  layer  during  ascent  is  maximum  at  the  center 
of  the  skin  bay.  The  minimum  temperature  rise 
occurs  atfjacent  to  the  substructure  attachments. 
For  the  1000  q  ascent,  the  calculated  peak  tem¬ 
perature  is  2670  F  (1460  C)  for  the  forebody  and 
2510  F  (1375  C)  for  the  ramp.  Sec  Fig.  7.  For  the 
2600  q  case,  the  corresponding  peak  temperatures 
of 3250  F  ( 1790  C)  and  3010  F  (1650  C),  arc  above 
the  3000  F  (1650  C)  maximum-use  temperature 
for  carbon-carbon.  If  the  flow  rclaminariies,  max¬ 
imum  temperatures  are  reduced  by  1200  F  (650  C) 
to  a  maximum  of  2050  F(1140C),whichis  within 
the  temperature  range  of  carbon-carbon.  Thus, 
analysis  of  laminar/turbulcnt  transition  and  heal 
flux  is  critical  in  the  design  of  the  forcbody  and 
ramp  panels. 

l.-lKClMEACaUillClOAfiS 

The  Blended  Wing  Body  (BWB)  hypersonic 
vehicle  has  rocket  engine  thruster  moduln  mounted 
in  twin  rows  across  the  tail  as  shown  in  Fig.  2. 
The  thrusters  art  used  to  reach  speeds  Mach  2  to 
3,  at  which  point  the  scrantjet  bMomee  efliclent. 
The  noisiest  portion  of  the  flight  occurs  during 
takeoff  when  the  rocket  engines  and  the  scrainiet 
engine  are  both  operating.  Sound  levels  on  the 
loieer  half  of  the  vehicle  are  higher  than  on  the 
upper  half  of  the  vehicle  owing  to  reflections  from 
the  runway,  as  wsQ  at  direct  acoustic  radiation 
from  the  lower  midbody  mounted  tcraii\jtl. 

The  NASA  and  Von  Gierke  (Reft  7  and  8) 
methods  were  used  to  predict  overall  sound  power 
radiated  by  the  rocket  and  scram  jet  engines.  THe 
NASA  technique  give  an  overall  acoustic  power  of 
194  dB  relative  to  10  "  watts.  The  engine  sound 
spectrum  It  relatively  Rat  between  500  and  5000 
Ht  ax  the  high  frequency  noise  from  the  rocket 
Ihrutlert  combines  with  the  lower  frequency  noise 
from  the  scran\jet. 


A  directivity  index  was  used  to  determine  off- 
axis  sound  levels  (Ref.  9).  Reflection  from  the 
ground  was  taken  into  account  to  estimate  over¬ 
all  soimd  levels  on  the  vehicle  skin  during  takeoff 
as  shown  in  Fig.  12.  Direct  radiation  from  the 
engines  results  in  overall  Sound  Pressure  Levels 
in  the  170  to  180  dB  range  (relative  to  20  micro 
Pascal)  on  skin  panels  in  the  inlet  and  exhaust  re¬ 
gions.  These  levels  are  comparable  to  the  highest 
level  measured  in  turbojet  engines.  As  shown  in 
Table  1,  engine  loads  are  considerably  higher  than 
the  attached  turbulent  boundary  layer  loads,  and 
they  are  comparable  to  loads  due  to  shock  im¬ 
pingement. 

5.  SKIN  PANEL  STRUCTURAL  ANALYSIS 

Static  and  dynamic  structural  analyses  of  the 
forebody,  ramp,  and  actively  cooled  panels  were 
made  using  the  MSC/NASTRAN  finite  elensent 
code.  For  the  fortbody  and  ramp  panels,  the 
quadralateral  plate  element  was  used  with  carbon- 
carbon  material  properties  determined  from  test. 
Mean  loads  were  Incorporated  in  the  analysis.  Mean 
(i.c.,  static)  loads  on  the  panels  are  of  three  types: 
(t)  thermal  loads  associated  with  aerodynamic 
heating  of  the  panel  surface,  (2)  aerodynamic  pres¬ 
sure  loads  applied  directly  to  the  skin,  and  (3) 
vehicle  carry,  through  loads  Imposed  at  the  panel 
boundaries  by  vehicle  deformation  and  maneu¬ 
vers.  Thermally  bduced  loads  are  generally  high¬ 
est  when  vehicle  temperature  it  greatest,  which 
occurs  when  the  vehicle  it  at  the  top  of  the  ascent 
trajectory  (Fig.  11). 

Dynamic  analysis  of  the  fotebody  and  ramp 
panels  was  made  by  first  calculating  the  mode 
shapes  and  natural  freguencies  of  the  panels,  and 
then  determining  the  dynamic  response  to  fluctu¬ 
ating  surface  pressures  in  each  mode  (Ref.  10). 
For  the  forehody  panel,  the  effect  of  the  carry- 
through  loads  imposed  by  the  futeners  was  incr  • 
porated  using  a  nonlinear  solution.  Modal  analy¬ 
sis  shows  that  the  panel  modes  are  generally  have 
either  modes  wheK  adjacent  panel  hays  deflect 
inphase,  and  inodes  where  adjacent  hays  deflect 
out  of  phase,  causing  the  intermediate  stlfener 
to  rotate  u  shown  In  Fig.  0-  The  lowest  fre¬ 
quency  mode  of  the  forehody  panel  was  at  814 
Hs,  with  la-phase  motloa  of  adjacent  hays.  The 
ramp  panel,  which  has  wider  stiffener  spacing  and 
thinner  skin  gage  than  the  forehody  panel,  has  an 
out-of-phaH  mode  at  288  Hi. 


The  forebody  and  ramp  panels  respond  to 
engine  noise  and  aeroacoustic  loads.  Aeroacoui- 
tic  analysis  shows  that  the  maximum  aeroacoustic 
fluctuating  pressures  due  to  boundary  layer  tur¬ 
bulence  on  the  forebody  panel  fall  in  the  130  to 
145  dB  range,  a  factor  of  3  to  6  smaller  than  the 
engine  Sound  Pressure  Levels  of  155  to  160  dB. 
The  engine  noise  at  the  ramp  panel  is  estimated 
at  160  to  170  dB.  Shock  waves  emanating  from 
the  inlet  can  impinge  on  the  ramp  to  generate 
fluctuating  pressures  that  equal  or  exceed  the  en¬ 
gine  noise  on  the  ramp  panel.  Both  the  engine 
noise  and  the  shock  impingement  loads  exceed 
attached  turbulent  boundary  layer  loads  on  the 
ramp  panel. 

For  the  forebody  panel,  the  maximum  cyclic 
stress  is  4000  psi  (27.6  MPa)  rms  and  is  within  the 
6000  psi  (41.4  MPa)  rms  random  vibration  fatigue 
allowable  for  carbon- carbon.  The  calculated  max¬ 
imum  ramp  panel  stress  of  16,080  psi  (111  MPa) 
rms  is  over  two-and-half  times  the  carbon-carbon 
allowable.  As  a  result,  either  the  skin  gage  of  the 
proposed  ramp  panel  must  be  increased,  or  stiff¬ 
ener  spacing  must  be  decreased  to  avoid  in-service 
failure  due  to  engine  noise. 

6.  CQUPQfl  AND  PANEL  TESTS 

Facilities  which  can  simultaneously  apply  acroth 
mal  heat  flux  and  aeroacoustic  pressure  fluctua¬ 
tions  on  panels  have  been  developed  at  Rohr  In¬ 
dustries  to  validate  designs  and  materials.  High 
temperature  shaker  testing  of  material  is  routinely 
done  to  1800  F  (980  C)  to  establish  high  cycle 
fatigue  allowablH  of  material  coupons  and  joint 
suhelements  under  random  loading.  A  heated 
acoustic  progressive  wave  tube  has  been  constructed 
at  Rohr  Industries  which  uses  quarts  lamps  to 
achieve  1800  F  (980  C)  over  a  33  by  33  Inch  (0.83 
by  0.58  m)  test  section  with  168  dB  overall  Sound 
Pressure  Level.  The  facility,  shown  in  Fig.  10, 
was  designed  for  tMting  the  panels  shown  In  Figs. 

3,  4,  and  8. 

A  total  of  104  shaker  Itil  specimens  and  7 
thermo- acoustic  test  panels  have  been  designed 
and  fabricated.  THe  shaker  specimens  include  tl. 
latilum,  lilanium-aluminide,  carbon-carbon,  SlC- 
SiC,  and  lilaidum  Mela!  Matrix  (TMC)  materi¬ 
als.  The  panels  are  TMC,  carhon-carbon,  and 
tilanium.  At  this  lime  approximalely  70%  of  the 
shaker  material  coupons  specimen  tests  have  been 
completed.  Joint  lub-elemenl  shaker  testing  and 
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puiel  Mouitic  teiting  will  be  continued  over  the 
next  few  monthi. 

Teiti  «t  temperkturei  to  1800  F  (980  C]  with 
cerb<'’.c'irbon  ipecimeni  ihowed  two  unuiu^  phe- 
nona.'Pit.  Firit,  the  itiffneu  (modului)  of  the  nu- 
terial  bcreaiet  with  temperiture,  xppxrently  due 
to  a  tightening  of  the  carbon  matrix  with  tem¬ 
perature.  Second,  carbon-carbon  ii  proceii  and 
damage  leniitive  -  a  leniiiivity  which  can  lead 
to  premature  oxidation  failure  if  the  coating  i> 
breached.  Some  ipecimeni  failed  prematurely  at 
the  point  of  strain  gage  apparently  because  of  lo¬ 
cal  damage  of  the  adhesive  to  the  coating  which 
led  oxygen  to  penetrate  the  matrix.  This  type  of 
failure  has  occured  both  on  uninhibited  and  in¬ 
hibited  matrix  carbon-carbon.  Random  fatigue 
data  for  inhibited  carbon-carbon  at  1800  F  (980 
C)  is  shown  in  Figure  11. 

The  metallic  TMC  and  titani'om  alloys  gener¬ 
ally  gave  more  reliable  results  than  carbon-carbon, 
but  at  lower  temperatures.  Tests  on  Ti  0-2-4- 
2  at  1100  F  (590  C]  gave  good  fatigue  strength. 
TMC  utilising  beta  2tS  titanium  matrix  exhibited 
good  fatigue  strength  up  to  1500  F  (815  C).  Fig 
ure  12  shows  random  fatigue  results  for  Ti  6'2'4-2 
at  1150  F  (620  C)  and  TMC  at  1500  F  (815  C). 
However,  it  should  be  noted  that  these  results  arc 
only  for  high  cycle  fully-reversed  fatigue.  Creep 
deformation  of  titanium  alloys  and  titanium  ma¬ 
trix  composites  can  be  limiting  above  1 100  F  (590 
C). 

As  the  lubelementi  and  the  panel  tests  are 
completed,  the  results  will  be  compared  with  and 
incorporated  in  the  analysis  to  determine  the  ac¬ 
curacy  of  the  analysis  and  acceptability  of  pro¬ 
posed  materials  for  hypersonic  application.  De¬ 
sign  methods  will  be  viilidated. 


7.  CONCLUSIONS 

An  analytical  study  nu  made  and  test  are 
in  progress  of  vibroacouitic  fatigue  of  hypersonic 
flight  vehicle  skin  panels.  A  single  stage  to  orbit 
missioa  and  Blended  Wing  Body  vehicle  were  de¬ 
veloped  which  are  representative  of  present  transat 
mospheric  vehicle  design  studies.  The  external 
flow  fleld  and  buundary  layer  heating  were  deter 
mined  by  parabolised  Navier-Stokes  flow  analysis. 
P^igine  acoustic  loads  were  developed.  Detailed 
thermal,  static,  and  dynamic  analytes  have  been 


made  of  the  forebody,  ramp,  and  noiale  panels. 

The  study  shows  that  engine  acoustic  loads 
and  shock-impingement  loads  will  govern  the  de¬ 
sign  of  many  skin  panels.  The  conclusions  of  the 
study  are  aa  follows: 

1.  Overall  aeroacoustic  Sound  Pressure  Levels 
on  the  skin  are  highest  on  components  in 
line-of-sight  of  the  engine  inlet  and  engine 
exhaust  and  where  shock  wave  impinge  on 
the  vehicle  skin  The  maximum  engine  acous¬ 
tic  Sound  Pressure  Levels  range  between  170 
and  180  dB  overall.  At  hypersonic  speeds, 
shock  waves  bend  aft  from  the  bow  and  from 
the  inlet,  and  cause  maximum  shock-boundary 
layer  interaction  .Suctuating  surface  pressures 
are  between  160  and  170  dB  and  will  he  ac¬ 
companied  by  lo:al  heat  fluxes  as  high  as  50 
flTy//t’-see  (0.6  MW/m*). 

2.  Finite  element  analysis  of  the  0.15  inch  (3.8 
mm)  thick  carbon-carbon  forebody  skin  panel 
shows  that  the  maximum  skin  temperature  is 
2687  F  (1460  C)  at  the  end  of  a  1000  q  as¬ 
cent  and  3220  F  (1770  C)  for  a  2600  q  ascent. 
These  results  art  based  on  turbulent  bound¬ 
ary  layer  brating.  If  a  laminar  boundary 
layer  exists,  the  temperatures  can  be  1200 
F  (650  C)  lower. 

3.  Finite  ment  luialysis  has  been  conducted 
on  rat  and  fort  body  panes  indicates  that 
panels  which  act  at  heat  shield  will  be  design 
critical  for  thtcmal-acoustic  loading. 

4.  Test  art  underway  on  tr,altriat  coupons  nnd 
pnntli  fabricated  of  carbon-carbon,  TMC,  il- 
lanium  alumiidde,  SiC-SIC  and  high  temper¬ 
ature  lllaitium  alloys.  Shakn  testing  of  li- 
Innium,  titanium  aluminide,  carbon- carbon 
and  TMC  have  bren  completed.  Joint  sub- 
element  tests  and  panel  acoustic  tests  will 
be  completed  in  the  ntxl  few  tnottibi.  Ti 
6  2  4-1  and  Bela  2IS  TMC  have  good  fa- 
ligut  ilrenglbs  to  1150  F(610  C)  and  1500 
F  (815  C),  respectively.  Carbon  carbon  pot 
seties  adequate  fatigue  ilrengib  at  1800  F 
(HO  C)  but  tulferi  from  a  sensitivity  to  eoal- 
ing  damage  eilK*?  due  to  handling  damnge  or 
process  flows  which  (an  lead  to  a  rapid  pre¬ 
mature  failure. 
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Figure  9  Forebody  panel  in-phase  and  ou*  -of-phase 
vibration  modes. 


Figure  10  Ramp  panel  rarbon-carbon  sonir  fa 
tigue  rms  stress  field. 


Figure  1 1  'rtiormal  Arouslir  rrogreisive  wave  tube. 


Figure  12  Random  fatigue  shaker  test  data  for 
carbon-carbon  coupons  at  1800  F  (980  C). 


Figure  13  Random  fatigue  data  for  titanium  Beta 
21 S  metal  matrix  composite  coupons. 
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SUVMARY 

Two  specimens,  representing  an 
aircraft  control  surface  and  an 
access  door,  have  been  tested  under 
high  intensity  acoustic  excitation. 
The  access  door  was  6lLso  subjected 
to  an  elevated  temperature 
environment  of  150'C  during  this 
test.  These  specimens  were 
manufactured  as  multi-cell  box 
configurations  by  superplastic 
forming  and  diffusion  bonding 
(SPFDB)  to  a  similar  structural 
weight  as  existing  aircraft 
components  produced  by  alternative 
means  of  construction.  The 
influence  of  the  spandrel-shaiied 
void,  formed  at  the  skin/st ringer 
intersection,  is  considered  on  the 
acoustic  fatigue  performance. 

1 .  INTRODUCTION 

Superplastic  behaviour  of 
certain  metals  oc;curs  when  the 
nKiterlal  is  of  fine  grain  si^e 
and  at  elevated  temperatuitr, 
in  on  inert  atmosphere  it  ctvn 
be  subjected  to  extensive 
elongation  without  pronoru\ced 
localised  thinning.  For  the 
process  of  diffusion  bonding 
the  mating  surfaces  aiv 
brought  into  intlmtrtc  contrvet 
at  elevated  temperature  tuxl 
atomic  diffusion  (u-ross  the 
interface  produces  the  bcxid. 
For  titanium,  diffusion  is 
aided  by  tlie  fact  that  the 
oxide  film,  which  in  the  case 
of  other  n»tnls  inhibits 
difftision,  is  absoilxKl  witliin 
tt«  metal  at  high  twnperature. 
As  both  supt'iplast  ic  forming 
and  dif(\isio(t  borKllirg  occur-  at 
tire  same  tcm(x?rntutv  in 
titanium  (92A‘(’  to  9A0'C)  the 
combination  of  the  lv»v) 
processes  is  often  exploitrxt. 


Using  the  SPFDB  process 
components  such  as  control 
surfaces,  doors  and  fairing 
panels  can  be  formed  in  a 
single  operation  using 
prepared  blanks .  The 
structure  is  usually  designed 
as  a  multi-cell  box  using  a 
four-sheet  blank.  The  inner 
sheets  are  joined  by  welding 
in  oixler  to  form  the  internal 
stiffening  construction,  see 
Figure  1 . 

One  rosult  of  this  of 
construction  is  that  a  small 
spairdrel-shaped  void  is  formed 
in  the  skin/stiffener 
interface,  as  showit  in  Figuiu 
2.  This  void  provides  tm 
inherent  stress  concentration 
and  a  ptubable  location  for 
crack  initiation  when  the 
structure  responds  to  acoustic 
excitation.  Rtvrdom  vibration 
endurtxnce  tests  have  been 
per-fotmeu  on  T-shaped  coujxjn 
specimens  extrncttxl  from 
rrtultl-cell  SPRID  liianluin 
boxes.  The  test  results 
confirmed  the  expected  crack 
location,  see  Figuru  3,  which 
could  initiate  from  either  the 
outer  or  Irtner  skin  sur-ftu-e 
into  the  void.  However  the 
overall  rusisttmee  to  tuuuslic 
fatigue  for  this  feature  has 
to  be  comparrxl  against  other 
forms  of  construction,  with 
their  inhorxut  design 
featirres,  based  on  corniwnents 
designed  to  a  similar  weight. 
Tlris  paper  describes  the  test 
experl' .nco  and  sunmnrises  some 
general  design  considerations 
on  the  application  of  SPFDB 
lltarrUtm  structuros. 
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2  SUPERPUXSTIC  FORMED  AND 

DIFFUSION  BONDED  (SPFDB)  TEST 
COMPONENTS 

As  the  SPFDB  process  requires 
an  expensive  tool  for  forming, 
a  relatively  large  one-off 
research  specimen 
concentrating  on  the 
skin/stiffener  feature  would 
have  been  expensive,  so  use 
was  made  of  available  aircraft 
development  tooling.  This  has 
the  advantage  that  the 
specimen  was  fully 
representative  of  an  aircraft 
component  although  containing 
more  complex  features  than 
required  froHi  a  general 
research  basis.  In  addition, 
infonnation  was  available  for 
both  components  fran  acoustic 
tests  on  similar  geometry' 
components  using  different 
constructional  nethods. 

2 . 1  Aircraft  Control  Surface 
(Spoiler) 

This  was  a  multi-cell  wedge 
shaped  box  structure  having  27 
internal  rihs  and  a  single 
longitudiiuU  spar  foniKKi  from 
the  two  central  core  stieets  of 
the  blank.  Ibe  stiffeners  were 
temiinated  shoi-t  of  the  piu>el 
trailing  etige  to  ailow  gas 
flow  between  cells  during  the 
foniiing  pixx'ess.  This  was 
achieved  by  the  welding 
pattern  applied  to  the  inner 
two  sheets  of  the  SPF-DB  blank 
which  also  produi:tKl  a  fiaivd 
effect  at  the  stiffener 
run-out . 

Tlie  oveivill  dimensions  ai-t* 
shown  in  FTgui'e  *t.  .As  with 
nost  alivraft  contiol  surfaces 
the  caiiponent  was  hinged  wid 
attached  along  one  edge,  to 
allow  for  control  movement,  by 
3  fittings  with  hinge  lugs. 

The  central  hinge  fitting  was 
Iwlted  into  a  recessed  area, 
see  Figure  't.  These  fittings 


provided  a  suitable  means  for 
mounting  the  component  for 
test. 

2.2  Aircraft  .Access  Door  Panel 
This  multi-cell  box  structure 
was  manufactured  from  a 
four-sheet  blank  having  single 
curvature  with  three 
longitudinal  stiffeners  and 
two  frames  formed  from  the 
four  central  core  sheets.  The 
inner  skin  was  cut  away  over 
the  cells  leaving  a  continuous 
cap-strip  over  the  stiffeners 
and  frames,  see  Figure  5- 
Attachment  to  adjacent 
structure  was  by  a  single  row 
of  fasteners  around  the 
periphered  door  flange.  For 
test  the  specimen  was  mounted 
in  a  fully  representative  door 
surround  structure  and  was 
attached  by  fasteners  on  all 
four  edges  so  that  the 
skin/stiffener  modes  were  the 
nuijor  responses  which  were 
excited. 

3.  excitation  environment 

The  applicable  environment  for 
the  control  surface  panel, 
based  on  the  actual  aircraft 
location,  would  l)e  a  maximum 
overall  sound  pressure  level 
(OASPL)  of  dB  broad  band 
noise  loading  with  relatively 
low  temperature  (<  lOO’C) 
exposure.  However,  i»s  it  was 
typical  of  a  four-sheet 
multi-cell  box  construction 
which  could  be  useti  in  u  Ivlgh 
noise  enviroiiment ,  it  was 
decided  to  test  using  a  broi\d 
btuKl  excitation  of  about  l60 
dB  OASPL,  see  Figure*  6.  This 
was  with  the  aim  of  provoking 
failures  at  the  skin/stiffener 
intersection  due  to  the  stress 
concentration  caused  by  the 
spandrel -sha^jed  void. 
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T!ie  access  door  panel  was 
tested  at  a  representative 
elevated  temperature  of  150“C 
using  a  higher  noise  level  of 
165  dB  OASPL  of  broad  band 
excitation  but  with  some  high 
level  tones  present,  see 
Figure  6.  The  intention  of 
this  test  was  to  perform  a 
direct  comparison  in  the  same 
environment  with  another 
access  door  employing  the 
current  aircraft  construction. 
This  was  a  light  alloy 
fabricated  framework  of 
traditional  skin/stiffener 
construction  with  a  titanium 
sheet  skin  and  all  attachments 
with  solid  rivets. 

The  original  panel  was  tested 
first  followed  by  the  SPFDB 
version  at  the  same  siren 
location.  Both  specimens  were 
exposed  to  40  hours  of 
acoustic  excitation  wi  tti  the 
outer  skin  at  grazing 
incidence  in  the  FOT  working 
section.  The  thermal 
environment  was  supplied  by  a 
bank  of  quartz-tungsten 
electric  heaters  which  were 
arranged  to  apply  the  heat  to 
the  inside  of  the  specimens 
due  to  the  difficulty  of 
operating  the  heaters  within 
the  PWT  working  section.  Tiie 
specimens  were  allowed  to 
reach  a  stable  teniperatur-e  of 
150'C  (300’F)  before 
commencing  the  acoustic 
loading. 

A.11  specimens  were  excited  at 
grazing  incidence  in  a 
progressive  wave  tube  (PWI  ). 
For  the  access  door  panels  the 
IVr  used  a  Stentor  Noise 
(jenerator  ns  the  noise  source 
whereas  the  tests  on  the 
control  surface  panels 
employed  l.TV-EPT2tX) 
generators . 
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resonance  tests  to  identify 
structural  response  modes  the 
panel  was  subjected  to  the 
fatigue  endurance  test.  The 
first  damages  were  detected 
after  24  hours  of  testing  and 
although  associated  with  the 
skin/stiffener  junction  the 
initiation  was  from  the  end  of 
the  internal  stiffener  close 
to  the  panel  trailing  edge. 
Damage  was  initiated  at 
several  similar  locations 
where  the  stiffeners  were 
terminated  and  no  damage 
initiated  from  the 
spandrel -shaped  void  in  the 
skin/stiffener  intersection. 

As  for  many  cases  of  acoustic 
fatigue  damage  the  initiation 
was  due  to  a  detail  design 
feature.  Endurance  testing  on 
the  panel  was  continued  until 
30  hours  where  the  damages  had 
propagated  to  the  extent  shown 
in  Figure  7- 

Non-destructive  examination 
confirmed  that  there  were  no 
internal  cracks  along  the 
skin/stiffener  junction, 
damage  had  initiated  near  the 
panel  trailing  edge  in  the 
stiffener  termination  feature. 
Some  subsequent  propagation  of 
the  cracks  was  then  along  the 
skin/stiffener  junction  as 
shown  in  Figure  7. 

The  panel  was  attached  at  the 
three  hinge  fitting  locations 
along  one  edge  with  the  other 
edges  free  to  represent  the 
actual  boundary  conditions. 

The  structures  response  test 
demonstrated  that  the  control 
surface  panel  was  able  to 
respond  more  readily  to  the 
overall  modes  occurring  in  the 
lower  frequency  range  as  well 
as  being  excited  by  the 
skin/stiffener  panel  modes 
occurring  in  a  liiglicr 
frequency  range,  see  Figure  8. 


^ 1  Control  Surface  Panel 
After  the  preliminary 


The  deflections  at  the 
component  t railing-edge  would 
give  rise  to  high  stress 
concentrations  at  the  stiffener 
tenninations . 

In  a  comparable  aircraft 
installation  the  control 
surface  panel  was  manufactured 
from  carbon-fibre,  "pie  two 
components  were  of  similar 
weight  but  had  a  major  design 
difference  in  that  the  central 
hinge  attachment  on  the  SPFDB 
design  required  only  6 
fasteners,  making  use  of  the 
material  strength  of  titanium. 
The  carbon-fibre  component 
used  31  fasteners  to  spread 
the  loading  which  greatly 
increased  the  number  of 
potential  damage  initiation 
locations.  However  there  were 
no  suitable  acoustic  endurance 
test  data  to  provide  a 
coniparison  between 
carbon-fibre  and  SPFDB. 

4 . 2  Access  Door  Panel 
In  the  aircraft  situation  this 
panel  was  subjected  to  a 
combined  high  noise  and  high 
thennal  environment. 

The  SPFDB  access  doov  survived 
the  test  with  no  detectable 
damage  after  visual, 
ultrasonic  flaw  and  x-ray 
inspection.  The  titanium 
skinned  aluminiun  alloy 
specimen  sustained  damage  at 
three  locations,  as  shown  in 
Figure  9,  which  had  resulted 
in  extensive  propagation  by 
the  end  of  40  hours  endurance. 
In  addition  a  niunber  of  the 
countersunk  fastener  heads 
were  found  to  be  damaged. 
Damages  to  the  central 
stiffener  aiea  and  cracking  in 
the  cleat  at  the  lowei-  edge  of 
the  forviazd  stiffener  are 
shown  in  Figure  9. 


4.3  Discussion 
In  general  the  SPFDB  titanium 
structures  provide  better 
resistance  to  accidental  and 
debris  damage  than 
carbon- fibre  composite 
structures  and  better 
repairability.  For  example 
carbon-fibre  composite  flaps 
situated  behind  landing  gears 
may  be  subjected  to  a  stone 
damage  on  the  skins  which 
would  then  be  readily 
propagated  under  the  acoustic 
excitation.  However,  like  all 
constructions  subjected  to 
high  noise  environment  the 
detail  design  is  of  the  prime 
importance  as  this  is  usually 
where  the  damage  occurs.  The 
spandrel  shaped  void  itself, 
which  is  formed  at  the 
skin/stiffener  interface  in 
SPFDB  structures  manufactured 
by  the  4-sheet  technique, 
appears  to  be  no  more  of  a 
problem  than  those  introduced 
by  other  means  of  fastening, 
in  similar  weight  strectures. 

In  the  final  comparison,  if 
all  structures  can  withstand 
the  noise  loading  and  meet  the 
weight  requirement,  it  is  the 
cost  of  manufacture  which  will 
dictate  the  chosen  method. 

5.  CONCLUSIONS 

The  SPFDB  access  door 
demonstrated  a  clear  advantage 
in  performance  compared  to  the 
fabricated  structure  based  on 
a  similar  component  weight . 

As  the  purpose  of  the  test  was 
to  compare  the  two 
construction  methods  the  SPFDB 
panel  was  not  tested  to 
failure. 

Neither  of  the  tests  on  the 
SPFDB  components  provoked  a 
failure  involving  the 
spandrel -shaped  void  feature 
of  the  skin/stlffener 
intersection. 


From  this  available  test 

superior  acoustic  fatigue 
resistance  to  aluminium 
alloy  fabricated 
structure  when  designed 
for  the  same  weight. 

i)  the  ability  to  withstand 
a  higher  temperature 
environment  than  standard 
carbon  or  glass-fibre 
composite  and  aluminium 
structures. 


evidence  the  main  design  ii) 

advantages  for  using  SPFDB 
construction  in  a  high  noise 
environment  are: 


Four  Sheet  SPF/DB 
The  Core  Sheets’  are 
loined  at  the  locations 
where  inltmal  slitleners 
are  required 


BLANK  PREPARATION 


to  gas  pressure 


pressure  to  limits  ot  tool  cavity 


SKtN  FORMING 


FIGURE  1  (a)  SPFDB  FORMING  FOR  MULTI-CELL  CONSTRUCTION 


Cor©  IS  then  inflated 


Celfuiar  structure  begins  to  form 


WEB  FORMING 


FIGURE  1  (b)  SPFDB  FORMING  FOR  MULTI-CELL  CONSTRUCTION 


TYPICAL  CF.ACKS  AT  THE 
SPANDREL-SHAPED  VOID 


SPANDREL-SHAPED 

VOID 


I  i 


FIGURE  2 


DETAIL  OF  SKIN/STIFFENER 
INTERFACE 


FIGURE  3 


TYPICAL  DAMAGE  LOCATIONS  FOR 
COUPON  SPECIMENS 


- END  HINGE  FITTING 


FIGURE  4 


CENTRE  HINGE 
FITTING 

RECESSED  AREA 


END  HINGE  FITTING 


640  mm 


GENERAL  ARRANGEMENT  OF  THE  SPFDB  TITANIUM  SPOILER 
(BOTTOM  SURFACE  SHOWN) 


FIGURE  5  GENERAL  ARRANGEMENT  OF  THE  ACCESS  DOOR  PANEL 
(ORIGINAL  ALUMINIUM  DOOR  PANEL  SHOWN) 


FREQUENCY  (Hi)  FREQUENCY  (Hi) 


FIGURE  6  ACOUSTIC  EXCITATION  :  1/3  OCTAVE  BAND  SPECTRUM 


FIGURE  7  DAMAGE  LOCATIONS  FOR  SPOILER  PANEL 
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a)  TYPICAL  SPOILER  RESPONSE  MODE  IN  LOWER 
FREOUENCY  RANGE 


b)  TYPICAL  SPOILER  RESPONSE  MODE  IN 
HIGHER  FREQUENCY  RANGE 


FIGURE  e 


b)  LOCATION  3 

c)  LOCATIONS  1  AND  3 


FIGURE  9  DAMAGE  LOCATIONS  FOR  THE  FABRICATED  ALUMINIUM 
ACCESS  DOOR  PANEL 
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SUMMARY 

Hic  present  punier  describes  the  applicable  concepts  fer  cockpit 
noise  venficatum  in  a  miliiar\  aircraOs 

A  design-tivnoise  proceduic  is  outlnK\l  and  the  oveiull 
requirements  for  medical.  intelligibihtN  and  o(X!ratu)nal  as|iccts 
are  deeply  discussed,  including  the  pro]visition  of  :iii  adequate 
inde\  (0  quantify  the  quality  of  noise  at  pilot's  eat 

(luidclines  for  cockpit  noise  conliol,  to  be  applied  dwiiig  the 
design  phase  of  the  proiect,  ate  giycn  together  with  the 
eviiectod  benelils 

Advanced  noise  cMiitroI  measures  and  noise  measuring 
tcslimqucs  arc  als*'  dealt  ysilh  aiul  a  s|KMtic  case  of  coekpH 
noise  vctification  is  descriU'd 

I  INTRODUCTION 

Cockpit  noise  ctiyiimunent  m  a  military  aircraO  lias  rwcmly 
Iwome  of  great  cinwern  for  llighi  iiKmlvrs  service  invciability . 
ruamly  (W  (lie  risk  ol  licarmg  Iwmdicap  tliat  mnwr  eN|iosme  can 
cause  ihctehifc  nuKe  attetitum  is  iciimrevl  by  design  engineers 
iitr  Ok:  ilelivery  tvi  tlw  customer  ol  a  I'mal  produci  yvhich  nwets 
the  reqmretiwiits  ol  reccni  miliUts  standards  and  an  Unvc 
regulatmns  aimed  to  elimmate  iKarmg  lundicap  ihmsc  Iva/otd 
and  to  |Kovuk*  goc^  quality  ol  conumuiKaluai  1  nuitty  a 
conditftabk  mn%e  cnvnsMuncni  is  still  to  be  (KUsued 

Aiiftaine  victght  reduction  resulting  fnan  sinictural 
i<)Mimtsalii«n  design  and  iisiut  |<(i^cMure  to  save  ssvtghl  Uw 
muse  esmiro]  measures,  in  Usour  id  ^ustonKf  lespincmcnts  ol 
addtliiina)  fuel,  sceaprai  hsads  or  aitonus  eququnenl.  Has 
clianged  dufm|  wars  the  liclmd  ride  itoni  im{s,ikt  p:.  icdmn  to 
iHUK  prulectiun 

I  tnlortimalcb  structural  iM'tmusatum  results  in  on  increase  ol 
cuck|Ht  ninse  ;n  the  lo.s  Irequcitcv  range  wticrc  staitdatd 
hcimels  oHcr  {suv  aitctnution  due  to  !\.kagc  past  iSc  eatvi>|> 
seals,  and  acuutiic  iiHtdcs  ol  cavity  are  Itkclv  to  be  couples)  with 
strvciural  rewnotKcs 

A  proper  dcstgn-tn-ncnse  approach  ts  then  to  be  foltowed. 
sUMitig  (rum  the  prelimman  design  pi  ise  id  die  atrcrafl.  Ip 


reduce  the  overall  noise  sound  pressure  level  (OASFL)  inside 
the  cockpit  and  to  improve  the  quality  of  noise,  related  to 
subjective  human  perception  of  noise,  at  pilot's  ear 

llns  target  may  be  reached  through  a  careful  use  of  tccluiical 
solutions  for  mnsc  and  vibration  control  m  oid>‘i  to  oplinuse 
costs  and  bciiclits  of  the  protect 

2.  COCKPIT  NOISE  IMPACTS 

i'lK’kpit  noise  mqwcis  on  llighi  incinlvrs  may  lx*  Mmimurised 
m  the  thiee  lolloyymg  as|wis 

MiaiH  ,vi .  relatcM  to  hoi>e  induced  hearing  mqvnnncnt. 

•  ivr>:i  inaiinjty ,  iclaicJ  to  v|iuihly  of  coninmnic-tiuHi, 

•  ot'kMvltoN.vi  teblc'd  to  mdiyiJtuiI  vomf>>rt 

2.1  Medkal  ivpeiU 

Daily  muse  e\|)osme  to  .i  voml  auitioii  of  umnd  {hcvmuc  leycl 
diiratii'n  and  ftc\)uetKy  ctxiient  may  cause  risk  id  licarttig  loss 
tic  Fettnaiicmi  UueslioM  Shill,  i'ISi  which  w  uMiallv 
laecedc'd  by  a  reycisiMc  c^cvt  called  ’Icmp'rarv  Ilucdiold 

shiiriiisi 

IIh:  ns  usually  Ixlvyc  dlt.  ajijvats  m  tlie  audiortKtnc  tes' 
IkctfuciiKd  lUi  subtcvii  allrt  tlie  cvi^isutc  to  (ugh  mu*e  Ivvcb 
and  ilisaj^txais  t(  the  audiuruettiv  test  w  rcjvatcd  ader  lortie 

IkHIIs  ol  iHlI-sd  lKUHT  CSlO'Uls* 

I  igutc  I  sK»ws  upival  pure  tune  a«idiogiaini  aisunung  n  dll 
as  the  audiHc  ihrcshidd  l««r  a  imii  11/  |iutc  tune  lunng  a 
«ciMtvO  pressure  ol  2t)  pPa  Normal  hearing  aialmgtimi 
corTCSfxirids  to  threshold  shills  id  $  ^  dll 

'stulh  die  cnevts  on  car  danuge  reUiol  to  frequemv  and 
level  ul  iMMse  are  taken  into  assiamt  bs  the  overall  A  wcighlcd 
scamd  pressure  Icsel  in  dlUV.  rcprcvcntitig  the  sunmution  ol  all 
frcsucTtsies  cimtnbution.  Kit  giving  less  scns)t*ytt>  to  low 
lres}ucttsv  muse  ^KUm  Vai  ll/>  that  i«  m  .exs  vsiwcni  for 
hearing  convervatKai  pui)xi>scs.  dllA  a|5iru\intttcs  the  hvonon 
heonng  yhamctetislivs  fur  moderate  wamd  levels 


/Vrim.vd  or  a  ««i  Tnyaarr  Aioiiirit  /«Wi  ««i  Amrnfl  .\rfn(tarri  ktU  m  MIrAwwwrr.  Vorstuv.  Ar'as  /VW 
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2.2.  Inlelligibiiiiy  a^pvctt 

Ambient  noise  mas  degiaJ<‘  coiunmmcalion  causing  s|x.xxh 
inlerreK'Mce  and  Itmilm^  pdol  (vrlonnance  as  more  Jiteiilion 
needs  to  be  given  m  s|x:eeti  uiKler^Undmg 

S;<veh  intellieibihts  is  nuunls  reduced  when  cominunKaiK>n 
vKcurs  m  iHvsenee  ot  Ingii  lunw  le.eK  in  the  <K.lave  Kiad> 
«.eulred  on  llie  pieleiied  l(ev^ucncle^  Kkh).  and  4»kio 
ILr  Ihc  iiTilhmelic  aseruge  ol  noiM.  vumd  pre'Miie  leseK  in 
dli  at  these  lour  preterjed  ^rev^ucuclc^  i>  utlled  helerred 
Sjieech  Iniofleiencc  I  esel  (I'Slt  i 

A  practical  approMiiutioii  s.i>n>idets  tioiw  leve!%  in  di*  \  ispul 
to  noiH'  lesels  m  TSU  plu’»  4  iDl  reg  'r*  rslt  Ko 

dHAi 

St^-sh  mletlcretue  MHuetiUK'^  al<Mr  vpiantihevl  hs  Uk  old 
:;kW\  Sti  (Sjwsh  Intctletctke  t  cscli.  vvlu<.h  u  lltc  a:itlunetic 
dserage  ol  mnw  Huukl  {Hooue  tescis  in  dlt  tn  titc  iluce  ikUve 
tuikl^  N-i  to  1:mi  II/,  ijui  to  .Moo  \y  and  :iu>  t,»  IKiJO \U 
.it*t'(o\inuteis  StI  espuh  ISl!  ttmiu%  UUI 

iSIl  atkI  Sil  vfite?u  are  \r»‘imHNi!\  uwd  lo<  fat.c4o  ta»,c 
xotnrtnmuH.  n  in  prv.*'iKc  ol  mnw 

VWh'II  ^i>nutuini\ixtK>n  %\><ein%  arc  u'vd  tlte  iravIliSiKtiu 
atv'^^nent  of  ktHnmittiua'u'n  in  |«cseik<  ot  mnw  i«  |irflotnvvt 
through  tlw  /\ttKVilatn«.  IrvWx  i.Vt:  «kogn  vtiiert«<i  and  iIk 

MikliT  •  1  khsnK  IcsJ  1  Mk  I  '  iert!Halu«n  sfilefi*«« 

13  C>t«cnlki«i«l  ixpctlt 

Stiutls  rclstod  lo  tiiktcxilve  esaliuiii.«<ti  «W|Vik}tng  u(*«i  a  Um 
of  ^oniiiitetil  Uvt«<«  nuH'  nu\  K'  ^auK'  nui% 

.1.  k>ix  id  atientiiiO  hcki  nxteaie  eU 

the  human  tcH'viH'  to  tkin:  dtciK.  iU  iV  nMie  ^Karxlendtic 
«cf  Jcvel  x|sc%tia]  diUfthutHm  imjkUMxvncx*.  lotcalm. 
IlikliufHVi.  wU  V  |nx«N(4<<fHal  and  phsucdi^txal 

iontltnms  Ui  *dditnvt  an  awamc  max  Sc  fexhxcxl  m  ^a«c 
akipntcx]  fanuharitx  with  no««e 


At  present  time,  due  to  the  lack  ol' collected  or  published  data, 
It  IS  vers  dilVicult  to  exuctlv  qiuntity  this  etVect  of  noise  oi^  a 
ini)itar\  aircratl  pilot 

Studies  attempting  to  correlate  ob;eclive  nieasuremeiUs  with 
object  ies{X)nse  are  currentlv  in  course  m  the  automotive 
.iiJustrv  Nevertheless  the  derived  indexes  (inainlv  the 
Compi’:>ite  Rating  of  heference,  CRl*,  and  its  imxlification.s, 
2nd  AlA  [ntemational  Cont'erence  on  Vehicle  Comfort  - 
October  14-16,  l‘)92)  result  of  jxxsr  application  for  miliiarx 
aircral)  noise  qualitx  description 

In  the  present  work  the  lone  Correetcxl  Perceived  Noise  l  evel 
(l*NI  I  j.  defined  in  I  AR  I'art  M*  and  ICAO  Annex  16  for 
commcrci  il  aircratl  noiiie  emission  regulation  and  certification 
pur)K)ses  and  rellectmg  the  human  aniiovance  to  sound  at 
dilVercnt  Irequencies  and  levels,  luis  been  Ibund  lo  provide 
MilVicieiit  correlation  with  pilot  noise  qiulitv  re)x>rting 

Ihis  could  tx.‘  related  lo  the  sjiccific  nature  ot  )el  aircMpN 
Cixkpit  noise,  xchere  cliaiaclcnsi  cs  of  uupuUiveuess  or  lapid 
fluctuations  are  not  preNcnt,  and  to  tl  e  tvpical  sjvclrum  sluqv 
at  pilots  eat.  where  low  ficqueikies  aie  d*»inuuini 

3  Tlir.  Df  SKIN-TO-NOISI  AFPROAl  M 

A  tcalistic  wivkpii  deMgu-iiv.uoixc'  apptoovh  ix  vurnnunwd  in 
tlic  llovx  «.hait  ot  I  igute  2*^  2  whctc  the  lolK'vcmg  pluiws  ate 
outlined 

(cxputeiuents  iWtuulion 

pcedlvltou  tlKTide^ual  iX  KihtvI  oit  Mitulal  aitviail  lueaMircxl 
data, 

•  eitgttwvtuig  ik'ign  recoinuK*iiiiatu<os  iiX  iickpit  mute 
kimtfvd  caving  xfxwe  tt'r  aiktitu>iul  miixe  kimlrot  nK'aoucx. 
it  rcvtuiieu  hv  t.kraxuictiK'nts 

•  iHi-Kxard  nxraxurctucnts  ilunng  grmmd  and  Right 

t»fVtatK«ix 

fcxjimenwtits  ictifisatuxt 

tki<^  iiisulatMin  (I  tkCVCxvaiN 

final  a%wsUt>cul 

IHe  lifxi  )4vih'  i'  msk^iMcsIU  tlx*  nw-st  im;'x'<tant  liX 

dextgn  cugimvrs  tn  i^p^ututuig  v«wtt  oikI  td  tlac 

jxincxl 

tbe  ai^dKalde  Oatklaiib  aixl  the  laduatnwi  )«i\cdiee  vd 
lopmxTiient*  iHall  Iv  sWiulx  a^teex)  Kiween  mar’ifaxlurct  and 
vuxtixnet  »huing  tfic  iiintr.xu.al  {dux'  tn  Ixt.  txing  the 
icx^uitcmentv  i4  the  af^dwahk  uxxuilv  ikmed  (•« 

iixiltan  w\«kx*tt.  then  a}*f<lKa<K'n  lo  miutarx  auwtaO  fU^i 
memhevk  i«  hig.l>)x  Cendttt»«Kxl  hx  the  UaixLnd  cx{utpnMmt 
niwxr  aiicnuainti  iKafxteiixiw « 

tv  kmcT  9ttenu»tHini  aJiSrcexcd  u>  enter  «  latfc  fvtwcnUgc  of 
woMcrx  irmxMi  xalwex  mmux  i<k  or  two  x'-siwiard  dexta^KWtxi 
max  WxJ.  U«  4  Kl  lighter  aitciaiT  lo  an  umxxdixtK  iwxwc 
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environment  at  pilot's  ear  that  can  have  impacts  both  on  the 
hearing  damage  risk  and  on  the  quality  of  noise. 


The  design-to- noise  approach  will  be  deeply  discussed  in  the 
following  Chapters. 


Figure  20  2  •  ('ockpU  noise  design  and  vent'icalmn 


4.  COCKPIT  ^OISE  REQUIREMENTS 

Requirements  eonceming  cockpit  noise  design  inu!  ventication 
imiv  he  found  in  Mil-Std-l78dA  "Sound  I’ressiire  l.cvels  in 
Ai.  trtins",  ,su()erseding  Mil-.S-IKI88()6 

Keqinreincnts  are  .onfnied  to  the  inusnnnm  itllimahle  smiiid 
pies.stire  level  lor  heiirnig  conserviition  and  snlisliictorv 
commiiniciition.  Nolliing  is  said  iihoiii  pilot  coinliirt  criteria 


A  .sniiini.ir>’  of  ciKkpil  noise  rcqinrcnienis  for  a  figlilei  aircrat) 
IS  reixirted  in  Table  20  I 
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4.1,  Henrinit  dimHitc 

Mtl‘Sld'l7X‘iA  defines  the  ullowabte  A-weight<,M  stmud 
piessiue  levels  and  e\iK>suie  (iine^  at  llie  eat  canal  oi  ciew  and 


passengers  of  United  States  Air  I'orcc  (USAF;  aircralts  to 
prevent  hearing  damage,  keep  elTeclive  perfonnance  and  avoid 
damage  or  iinwantcu  res|X)nses  of  the  w  hole  human  i)(>dy, 

4.1.1.  r«NTlNtlOlt.S  BK()AI)»/VM)  NOISK 

Daily  exposures  to  continuous  noise  shall  not  cxcccil  84  dHA. 
in  the  frequency  range  25-^20()(X)  llz,  for  8  hours, 

FordilTerent  noise  levels,  1.,  die  limiting  daily  duration  (TDD) 
of  exposure  is  to  be  determined  from  the  equation: 

%  i. 

U^D  (hours)  =  2  * 

which  is  bused  on  liie  assumption  tiiat  an  increase  of  tJie 
overall  level  of  4  dBA  halves  die  allowable  exp  isure  lime 

No  limit  orcx^xisurc  is  slated  for  noise  levels  below  78  dllA. 
whilst  levels  higher  than  11 5  dHA  are  never  allowed 

In  case  of  daily  cx^xisure  to  noise  fields  differing  in  level  and 
duration  the  Total  Dailv  FxjHvsurc  (11  >F)  .shall  be  calculated  bv 
i  Jding  the  fractions 

Observed  DuiK  Duration  OiJl) 

Timitmg  DaiK  Duration  TDD 

for  all  the  c\|H>surcs  in  am  one  woikda\ 

1 1)|{  shall  not  exceed  iinti\  ( 1 ) 

I  or  llighl  meuilvts  die  I Dl  cnienon  shall  k*  Kised  i«i  uircrult 
usage  and  mission  piolilcs  at  ihght  conditions  during  which 
noise  levels  are  clTectiveb  consUinl  with  all  llic  rettuired 
auxilian  ssstenis  teg  ciiMioninental  control  svstcin. 
defrosting  ssstem,  etc  )  m  o{K'iaiion  t'alculaiions  shall  include 
iioiMT  pri'‘hiccd  bv  the  In-Mighl  Keliiclling  Trolv  il!  KIM  and 
cxtciiiul  stores,  where  applwable 

Ihc  allowable  d*iiK  mlSMon^.  for  the  same  pilot,  will  Iv 
l/TDT 

4.1.2.  iMi*i  i.M\r  M)i-.r 

lm|mlsivc  muse,  if  tune  kiween  i^Mks  is  I  wumd  or  less  tc  g 
guiifircK  shall  not  exceed  I  to  dll  ivak  -auind  pressure  level 
and  sluiU  k  Uealcd  as  a  contuimms  broadUind  noiw 

Sc|Vttute  citleiia  tor  fe]xated  niipulscs  \\)ih  and  wiihiHil 
ienc\tion  arc  given  tiuKtiim  id  level  aiui  dnialiiui 

4.1.x  Wlltril  |M>m  Ntusr  Kixrst 

III  mdei  to  pievcnt  adverse  cllwtv  oi  high  levels  ol  stmiul  mt 
die  whole  kxtv  a  inmt  ot  14^  lit  or  1^0  dHA.  whtckvci  is 
less,  u  s|K\ified  tor  am  cxiuvc  IkuiO  in  die  itequemv  iati|<  I » 
4(MKN>  11/ 
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4.2.  Communication 

llucc  criteria  arc  spocilied  for  the  assessment  of 
commimication  intelligibilitv  in  the  presence  of  noise  in  a 
iniiitarc  aircraft 

4.2.1.  ARTKlIAlI<WtNDI!.\ 

lltc  Articulation  Index  (Al)  is  a  design  criterion  useful  Ibr 
predicting  and  resolving  potential  conununication  systems 
intelligibility  problems  quite  early  in  the  design  process 

l  or  a  two  seat  lighter  aircraft  the  AI  criterion,  applying  to 
pilot/copilot  and  coininuiiicaticii  equipment,  may  he 

III  ll  '/VI  IK  radio  cnminumcatioii  A I  >115 
Inlcrjihone  coininunicalion  Al  >  H  .5 


fable  20  II  ie|K>rts  the  s|x.'ech  iiitelligil'ihtN  assiKiated  to  the 
Al  value 
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llic  Al  shall  he  t  ilcohited  in  iiwouLiiice  with  the  third  txiave 
band  calculation  method  ie|mited  in  ANSI  S'  5  and  using 
predicted  or  measured  noise  sjiectia  A  visiutl  explanation  of 
tlie  calculatiuii  iHoccxlure  is  giien  in  I  igiue  20  ' 


Al  XCTtlKatllltk  U«( 

s  UllkCt  tIHMtih  ihttsUKC  lliltn  the  lit  iK'Wt  Ut 

evokiiV  i|uatttilv  Utc  \(K<cxh  «)wU\uti  U>  he  uwU  lANSi  M  > 
iqi^tcu  <m  iikahicvi  %}vvt;\uit  at  I  m  Itinti  ihc  uika 

HHIUtht. 


“  frequency  transfer  function  of  the  coirununicatf<tn  frystem  at 
dilTerent  volume  controls; 

>  ambient  noise; 

'  headset  sound  attenuation 

AI  vcrilicalion  procedure  for  air-to-ground  and  air-to-air  radio 
communication  and  interphone  communication  shall  also  take 
into  account  for  tlic  oxygen  mask  transmission  loss 

4.2.2.  MODintDkllYMKTm 

Ibc  Modified  Rhyme  Test  (MRT)  is  a  verification  criterion  for 
the  worst  case  noise  conditions. 

Hie  MRT  is  based  on  Ute  understanding  (KrcenUige  of 
monosyllubic  cnglish  words  by  oiierationul  personnel,  routinely 
Used  by  bilkers  and  listeners,  m  a  noise  field  Uiat  simulates  tlic 
actual  aircrart  noi.se  at  the  llight  member’s  position  Scores  less 
Uiaii  70%  are  considered  imueccptable  Table  20  II!  shows  a 
coiiqxtrison  betweer.  Al  and  MR  I  criteria 

A  description  of  the  MKl  testing  is  conlamed  in  Al  AMKl.- 
rR'KO-25.  ie)H>rtiug  on  a  fucilih  located  at  USAl  luedical 
centre  tOhio),  called  VtK'Kl-S  (VOice  Communication 
Research  l-vahuitioii  Svstem) 


A  method  for  meusurmg  the  mtclligihihiN  of  sjX'cch  over 
couumiiucution  s\ stems  is  given  in  ANSI  S^  2 
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4.2..>  I  I  rvkt 

lilts  vtiletuNi  sltail  lx*  a|>{>hcd  in  caw  oi  locf  to-focc 
cmni'umicatioits  ti>  uuwntn  meav  ot  pluo  in  which  thes  luc 
kiitical  Of  dcsttable 

RopittetucnU  oie  given  in  tennv  of  SIl  taluv  ITvIt  t  Ivavcd  oti 
divUiwc.  level  ol  vonumuikating  vvikc  ojiJ  vnticahtv  of 
•.imumuiKatKin  Vefifuatiofi  iiiiivl  Ivc  ikific  bv  analsvu 

C'wiluvtoii  fes«ill\  Ivtwevn  Sll  oivd  l*Sll  .  av  tlws  ve  defined 
luv!  in  tlic  o|i|iu\|tc  iiwuiet  the  clkctv  ol  dillcretit  levels  ot 
iKuw  oti  voice  vommuiiuation  arc  dxiwii  in  1  igiuc  20  4 


nolshfvh  ijiirso. 


s'ouE  irvvi  iddAi 

Figure  rn  4  •  i■'tVc^;llvene«  'if  voice  C'-mmunicatii'n 


4.3.  Comfort 

Ilic  suhieclivc  noise  [x;rccpMon.  in  a  inilitan  aircrail  ciK'kpil 
noise  verilicalion  priKedurc.  shall  be  considered  as  much  as 
medical  and  comnuinicaiion  impacts 

Noise  characlcnslics  at  pilot’s  ear  ina\  result  unsatisl’actorv 
even  it  no  licarmg  damage  risk  and  giXKl  coimminicatum  have 
been  verified 

I  hc  most  annoving  noise  characlcnslics.  despite  an  acceptable 
overall  level,  me  lonaliiN,  sharpness  and  sivctral  disinbutioii 
llchnet  and  earcups  role  on  tins  nuilier,  as  alreadv  siud  before. 
IS  of  fundiunental  im|X)rtancc 

A  suggested  verificalioii  lixd  could  be  the  I'Nl.l  index  that, 
like  dllA,  IS  a  weighted  sound  pressure  level  (based  on  the  Nov 
curves)  and  combines  human  annoNance  to  loudness,  also 
accounting  Ibi  tomibtv  characteristic  of  noise 

figure  2i)  5  shows  how  the  luuiian  aniiosaiice  (es)HHise  curve 
changes  as  luiiction  o!  noise  level  Ihc  iViceiscvl  Noise  I  eve) 
(TNI  )  scale  iiKhcates  that  a  change  ot  to  I'Ndtt  halves  oi 
diaibles  the  annovance 

A  simple  imitlieiiuiiKal  i(aus{ioMiioo  was  dcvelo|K.'d  that 
integrates  the  Nov  values  i>vci  an  aiuilvx'd  1/^  vxtave  Ktiui 
s)vctnim  to  give  a  Miigle-nuinlH:i  aiiMvivauce  value  m  iK’rcciveJ 
lUMse  decilvis  (I'Nilii) 

A  sjvetial  “pcnaliv“  lor  disciei  -  i.iac  (whuli  vanes  with  tlie 
irequenev  and  iIk*  itilVciciKe  in  level  lK,'tween  the  tone  kmd 
and  llu;  adtaccnl  iicvpiciiv  Kinds i  is  addevl  lo  tlie  l*Nl  to 
accotmt  lor  the  tone  sensing  chaMvicristu  ol  iIk*  hunuiii 
healing  svsicm  (he  tinal  lesiilt  ol  the  vompiuatioi.  is  the  lone 
^orieclcvl  jicfceived  noise  level  il'Nl  1 1 

HaseO  mi  itie  Alenio^Aetmacchi  exivneniC  descrilK-wl  in 
k'haiHet  'A  Uk  TNI. I  values  scale  lejxKicd  in  table  2olV  \\ 
suggested  tor  iIk  cVviUuilnm  ol  noise  v|iulilv  at  pihifs  ear 
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5.  COC  KPIT  NOISt  PREDK'TIO.NS 

(.’uneiil  statc-obthc-arl  doc's  lun  allov'-  lo  iviIvmiu  an  clVeciive 
and  iiccmalc  piediction  oJ  c\xkpil  noise 

When  data  Itoin  siniilai  aiiciatls  ate  available  the  pioblein  is 
rather  siinplilied  unless  vuiiaiioiis  aie  toieseeii  in  the  auxiliaiv 
svsteiii  aiiangenient  or  stiong  nuxlificaiions  ol  cockpit  volume 
are  neccsstin  (eg  liansloiniaiion  vil  a  single  seat  tighici 
aitctiiM  into  a  two  scatei ) 

C'akulalivHi  methods  to  predict  eMerital  noise  exciimg  the 
coekpti  siuioiinding  siiuciuie  ate  onlv  available  lor  a  limited 
minilvf  ol  vmicestte  turbulent  Umndaiv  laser  noise,  tet 
noise  cMciiui)  store  noise  cavitv  noise),  tesultmg  the 
acfodvuamic  contitbntion  iIh.  pnnci|wii  one  at  Ingh  dvuamic 
iwcssurc 


ntcv{Uv>ttf  )Htrt  uf  cMcntuI  noi:ic  ihui  is  irummiUed  instJc  the 
cockpit  tiuough  an  )Viibs  is  regulated  bv  structure  tiuuMUissiou 
loss  and  IS  a  csxkpit  noise  voui)x>ueiit  o)  ii’cvltuiu  uu}x>ttaiKc 
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Sinicture-bome  noise  is  instead  the  major  component  but  it  is 
ver>'  difficult  to  be  predicted  in  level 

FKM/BEM  (Finite  Element  Model/Botindarv  Element  Model) 
techniques  represent  a  numerical  tool  for  an  acceptable 
acoustic  design  of  the  project.  These  techniques  are  currently 
used  as  a  “what-ir  methodology,  that  means  that  the  model  is 
used  to  evaluate  trial  modifications  of  the  project  until  an 
acceptable  noise  and  vibration  reduction  is  achieved 

Even  if  large  models  are  used  the  FEM/BEM  qualitative 
assessment  may  be  considered  of  sufficient  confidence  for  the 
low  frequency  range  (up  to  200  fl/)  but  the  predicted  noise 
levels  are  still  questionable  The  advantage  is  the  possibility  to 
improve  the  acoustie  design  of  the  project  ignoring  the  exact 
quantification  of  the  exciting  sources. 

6.  DESIGN  RECOMMENDATIONS 

Main  attention  for  cockpit  noise  control  sliaM  he  put  in  the 
structural,  aerodvriamic  and  cnviroiiniental  control  system 
design 

Actodyiianiic  and  environmental  control  system  design 
recontmemlalions  are  usimlly  based  on  ex|x;rience 

Structural  design  reeouiineiidalions  may  he  a  result  of 
FEM/HEM  analy  sis.  Nevertheless  the  niatliematicat  niodelliiig 
of  the  structure  results  to  be  available  when  the  aircrafl  design 
has  been  fully  develoiK'd,  therefore  noise  and  vibration 
prubletiis  which  require  niu|or  redesign  actions  are  encouiilered 
when  modifieatiuiis  are  dilficult  to  be  ttitrudiiced,  unless  delays 
in  the  design  cycle  and  costs  increase  are  accepted 

6.1.  Structural  design  recommendations 

file  structural  design  shall  consider  both  traitsmitted  noise 
atteniuition  and  source  noise  reduction  file  following 
guidelines  mas  be  stated 

6. 1. 1.  AlK-HOH.xs:  .NOI.XS:  ('O.NIKIIt. 

(.'uckpil  suiToundtng  structure  shall  inatcli  the  right 
compromise  of  high  mass  and  low  stilfness  to  offer  on 
acceplable  harrier  (traiisniissioii  loss)  to  air  txnue  Iriiiisimlled 
noise  Ifoin  outside  l  or  the  cunent  standard  of  aiifiiime 
striKtiircs  this  com|X)tienl  of  ciK'kpit  noise  is  not  of  primaiy 
mi|iortance  so  the  initial  design  mas  exclude  |vculiur  solutions 
ugainst  ait-honie  noise  Noise  ban  lets  can  Iv  qiiickh 
integrated  tnto  the  tliennal  insiiliition  treutincnt  'f  lequiied  bs 
|irolot\-ix:  tests 

C'iKkpit  surrounding  striicluie  shall  Iv  us  iiiucli  as  |Hissihle 
insulated  from  coni|xiilinenls  or  buss  where  s|h.'CiIic  m>is.c 
.sources  are  ItKaled  (e  g  environmenliil  control  system  Iwy .  gtui 
hio  etc  )  or  high  noise  levels  are  exivctcxl  to  lie  reached  (e  g 


landing  gear  bay.  wieapon  bay,  IFRP  bay  for  retractable 
installations). 

Canopy  transmission  loss  shall  be  comparable  with  fuselage 
sidewalls  one  Plexiglas  or  polycarbonate  canopies  shall  have  a 
medium  thickness  not  lower  than  8  mm  (better  12  mm)  with 
higher  values  for  large  surfaces.  Bullet-resisting  solutions  will 
offer  both  higher  protection  from  outside  noise  and  higher 
damping  for  canopy  vibrations  radiated  noise.  Cockpit  noise 
penalties  are  to  be  expected  when  the  ejection  seat  system 
requires  canopy  transparency  with  high  brittleness 
characteristics 

Windscreen  and  canopy  shall  incorporate  additional  seals  to 
the  pressurisation  one  if  high  velocity  air  penetration  in  tlie 
coupling  slots  is  expected  to  occur 

6.1.2.  STRrrrt'RK-noR.xK.MiisKcoNTHoi. 

Stnictiiie-bonic  noise  shall  be  controlled  by  avoiding  the  use  of 
large  panels  and  attempting  to  increase  as  much  as  possible, 
coiiqiatibly  with  weight  restrictions,  the  frequency  of  tlie 
fundaiiiental  vibration  modes,  both  of  single  )xinels  and  of 
assembled  smictiire 

High  frequency  vibrations  are  unlikely  to  be  coupled  witli 
ciK'kpit  volume  acoustic  niixlcs  and  may  be  belter  controlled 
using  stiiiiid  absorbing  and  viscoelastic  damping  materials 

Vi.scoelaslic  damping  malerinls  acts  to  dissq  ate  the  vibrational 
energy  in  the  stnictiire  that  radiates  as  sound  Damping 
suppresses  mainly  re.soiianl  motion,  om  of  resonance  forced 
vibrations  are  slightly  ulletinated  by  the  parallel  effect  of 
stiffness  and  muss  increasing 

Viscwlaslic  selection  shall  account  for  frequency  ,  tem|ieraturc 
and  thickness  of  the  |iatiel  to  be  atteniuited  Constrained-layer 
damping  systems  shall  be  preferred  to  free-layer  ones  us  more 
energy  is  dis.si|xiied  by  shear  defontialioii  ol  die  damping  layer 
In  the  free-layer  system  energy  is  dissi|xited  ns  ii  result  of 
cxteiision  and  compression  of  the  damping  layer 

I  rcv-lu\er  duiiiping  systems  are  attiiched  directly  to  Uie 
slnictiire  s,iiface  with  a  bonding  agent,  eunsirunied  layer 
damping  systems  are  bonded  on  a  conslrummg  layer  so  to  font) 
a  sandwich  when  iiltaclied  to  the  slnictnre 

laiige  |)unels.  like  llrxir  and  bulkheads,  shall  have  higli 
charucterislics  of  siilliiess  and  damping  to  reduce  sound 
rudiutuin  Sandwich  solutions,  consisting  of  two  sheet  of  metal 
,'iikl  It  viscrxilastic  inner  laser,  are  lu  be  prefened  for  ixinels 
wmli  *.  c  e\|x.-cled  to  be  a  signilicunt  noise  soiuce 

t.'.tiiKturai  damping  cliuraclenstics  of  coni|H>neiils  m  coinixisile 
l•.lalerlll,  may  be  meteased  by  placing  a  SYNCDRIi  ply  in 
bciwivu  the  two  skin 
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No  physical  conneclions  shall  be  allowed  between  cockpit  floor 
or  bulkheads  and  ducts  or  pipes  with  high  velocity  internal 
flow 

Avionics  bay  doors  shall  be  cured  in  order  to  maximise  scaling 
and  to  avoid  backlash  and  haimnering  of  Ute  locking  levers 

6.2.  Aerodynamic  design  recommendations 

The  aerodynamic  design  shall  be  addressed  to  minimise 
potential  noise  sources  and  to  keep  them  as  weak  as  possible. 

Alignment  of  avionics  bay  doors,  windscreen  and  canopy  with 
airframe  structure  shall  be  cured  to  avoid  both  vortex  shedding 
and  air  penetration. 

Engine  air  intake  shall  be  preferable  located  far  away  from  the 
cockpit.  The  diverter  profile  for  a  subsonic  aircrafi  .shall  avoid 
large  How  accelerations  tliat  can  generate  shock  waves  and 
flow  separation  with  great  mechanical  excitation  of  the  cockpit 
surrotuiding  structure  Mass  air  flow  spillage  and  related 
vortex  generation,  usually  occurring  in  flight  for  engine  intake 
of  fixed  geometry,  shall  not  impinge  tlie  fu.selage  otherwise  an 
adequate  shield  plate  shall  be  introdiiccxl 

Fixed  non  retractable  IFRl’  iiistalliitions  require  a  pro|x;r 
aerodynamic  design  of  tlic  root  fairing  to  avoid  local  sonic 
flow,  shock  waves  and  flow  separaiion,  iicvertlieless  overall 
cockpit  noise  increments  of  2+.1  dl)  may  bo  found 

llie  aerodynamic  design  of  excrescences,  untennae  and 
avionics  system  fairings  located  near  the  cockpit  shall  follow 
the  same  criteria  detailed  for  die  IFKI’  fairing 


6.3.  Environmental  control  system  design  recommendations 

Ihe  air  distribution  line  of  die  ciivironniental  control  system 
rcx|uires  proper  design  i-ecoiiimendatious  to  avoid  that  an 
optimised  mass  air  flow,  bused  on  enviroiuiiciital  control 
rcxiiiircments.  results  in  a  lixi  high  flow  veliKity  for  low  noise 
levels 

llie  air  velocity  in  the  sy  stem  should  preferably  not  exceed  I 
m/s  and  should  he  kept  to  be  the  same  us  fur  us  (xissible 

Difurcations  shall  he  farescMii  before  duct  restrictions  and  air 
flow  accelerations 

Flow  balance  orifices  or  elenienis  prixliicing  a  discrete 
disturbance  shall  be  lucutcd  at  least  X  diamelers  upstream  of 
the  outlet 

Niunber  of  elements  producing  discrete  disliubaiice  m  the 
distribution  system  should  be  kepi  to  a  mmiimun 

Plenum  ehambers  to  reduce  prupagalmg  noise  shall  be 
considered;  the  interior  surfaces  shall  be  covered  with  sound 


absorbing  material  properly  protected  to  avoid  air  How 
abrasion. 

Outlets  air  velocity  shall  be  kept  to  a  minimum.  Jet  related 
noise  is  not  significant  but  noise  rcsiilling  from  the  interaction 
between  flow  and  guide  vanes  or  grilles  shall  be  controlled  by 
the  application  of  sound  absorbing  material 

If  the  pressure  ratio  of  flow  regulating  valves  exceeds  1.75 
(internal  How  almost  supersonic)  the  exit  flow  velocity  shall  be 
progressively  reduced  by  placing  a  porous  septiun  of  sintered 
metallic  material  (rctimet)  just  downward  the  valve. 

Sound  tonalities  tliat  are  ex|5ected  to  propagate  in  tlie  air 
distribution  line  sliall  he  attenuated  by  sound  absorbing 
material  inside  ducts  Radiated  sound  from  ducts  shall  be 
controlled  using  vibration  damped  solutions. 

Ram-air  inlet  ducts  .shall  he  positioned  far  away  from  the 
cockpit  and  if  long  ducts  are  imi»sed  by  syiacc  restrictions 
intake  NACA  type  shall  be  preferred  to  tlie  SC(X)1’  type,  that 
can  excite  the  inlet  duct  like  an  organ  pi|x' 

6.4.  Space  provision  fur  additional  measures 

Sixice  provision  for  future  iiuxlilicalions  olTlic  project  that  may 
be  iei|uired  by  lliglit  ineusiircmeiils  shall  be  foreseen  in  the 
initial  design  to  avoid  possible  rejections  of  the  modification 
embodiment  on  cost-elTective  considerations  basis, 

llus  mainly  applies  to  the  environmental  control  svstem  if 
plenum  chambers  have  not  been  considered  in  tlie  initial 
design  or  when  an  iiicreuse  of  air  disti  ihiilion  ducts  diameler 
will  be  requircxl  to  mtrixiuce  sound  absorbing  material 

Moreover  Ihe  inlrixliiclion  of  viscoelastic  damping  muterials 
and  soimd  uKsorbing  muterials  on  some  fuselage  panels  may 
re.sult  impos.sible  in  retrofit  if  not  considered  in  advance 

7.  COCKPIT  NOISE  MEASUREMENTS 

Hus  is  a  very  delicate  |x)iiu  us  nii  asuieiiieiits  should  he  us 
more  objcelive  as  jxissible 

Mil-Sld-l7X'fA  suggests  iliiil  iiieusurenienis  shall  be  taken  at 
pilot's  ear  |xisitiou  with  pilot  ill  sent  if  |xissihle  Ibis  is 
obviously  nn|xissible  for  a  single  seat  fighter  uircrull  and  only 
tliLXirelically  (xissible  for  a  two  seu.er.  in  fact,  due  to  tlie  small 
volume  of  the  cix'kpit,  the  absence  of  one  pilot  cun  mixlify  tlie 
acoustics  of  cavity 

Microphones.  Uqx!  rextorders  and  uiialysers  shall  confonn  to  the 
rcx|uiteraentsof  ANSI  SI  2,  SI  4,SI  (>,SI  It),  SI  1 1,  .So  I 

All  tu|x  recorded  data  shall  he  uiialysed  in  lliird  octave  bund 
amt  u  coiTceliun  shall  be  made  fur  the  frcx|uency  resixinse  of 
the  measurement  and  analysis  system 
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Instrumented  helmets  should  be  used  only  for  qualitative  or 
semi-objective  purposes  as  they  can  furnish  variable 
measurements  from  flight  to  flight  as  function  of  test  pilot  use 
in  tightening  his  helmet. 

llie  use  of  a  head  simulator,  when  possible,  will  be  tlic  best 
solution  in  tenns  of  objectivity  of  measurements 

8.  ADVANCED  NOISE  CONTROL  MEASURES 

The  demanding  performance  required  from  a  modem  combat 
aircraft  results  in  little  mass  or  volume  available  for  passive 
noise  attenuation 

The  cockpit  noise  is  typically  on  the  order  of  110+120  dB 
OASI’T.  with  highest  levels  in  the  250  and  500  octave  hands. 

The  attciumtion  provided  by  the  helmet  is  generally  poor  at  low 
frequencies  so  the  result  is  an  unpleasani  working  environment 
for  the  pilot  and  a  degradation  of  cominuiiication  quality 

Speech  intelligibility  can  be  inipiured  by  the  noise  picked  up 
by  the  talker's  inicrophoiie  (reproduced  in  ibe  listener's 
eurjihone)  and  by  the  noise  reaching  the  ear  directly  through 
the  helmet 

Noise  cancelling  microphones  help  to  reduce  noise  m  the  first 
case;  in  the  second  case  an  Active  Noise  Reduction  (ANR) 
,s\  stem  can  be  used  at  low  frequency  to  complement  the  (lassive 
earyihone  noise  alteiiuation  at  high  frequency 

Ihe  objective  of  the  ANR  system  is  to  create  a  quieter 
enviroiunenl  at  tlie  ear  and  clearer  coiuinunicaliun  capability 
Tliis  goal  IS  achieved  by  cancelling  Ihe  acoustic  noise  with  an 
oul-of-pliase  noise 

lly  using  miniature  niicrophones  niuunted  inside  special 
earcups  of  the  headset,  the  system  monitors  the  acoustic 
eiivironmcnt  at  the  pilot's  cur  and  cuiii|vires  it  with  the 
conimumcalion  signal  Tlie  dilVereiice  'x'tweeii  the  two  signals 
IS  used  to  gciicrule  the  out-c'f-phu.se  noise 

Some  ANK  systems  are  close  to  qiuililiculion  for  u.se  m  modem 
iiiiliUiry  combat  aircraft,  with  a  light  weight  they  by-|iuss  all 
Ihe  low  frequency  ciKkpit  noise  problems  that  are  difticiill  to 
be  controlled  using  passive  measiircs 

9.  A  SPECIFIC  CASE 

Recent  ex|vriences  on  a  high  subsonic  two  seal  fighter  aircraft, 
derived  from  the  single  .seat  version,  allowed  to  00110*01  data 
both  for  noise  sources  identilicalion  and  ciKkpit  noise 
verification 

Moreover  the  use  of  passive  noise  control  nieasuies.  idcniilied 
us  cost-clVc'ctivc  with  relation  to  the  current  development  sUite 


of  the  project,  enabled  to  quantify  tlie  produced  benefits  on 
medical,  intelligibility  and  operational  aspects. 

Two  contributions  were  found  to  be  dominant  in  the  noise 
spectrum  at  rear  pilot's  ear  and  responsible  of  possible  impacts 
on  flight  members  for  medical,  intelligibility  and  comfort 
aspects  at  high  performance  flight  conditions  llic  first 
conUibutioii  was  the  structure-borne  noise  originating  by 
boundary  layer  turbulence,  mass  air  flow  spillage  from  engine 
intake  impinging  the  fuselage  (close  to  the  rear  pilot  station), 
flow  acceleration  on  the  diverter  profile  and  IFRP  (fixed  non 
retractable  iustallaiion)  root  fairing  elTects;  the  second  one  was 
a  pure  tone  introduced  by  the  defrosting  system,  rather 
aiuioyingat  forward  position  only  for  moderate  lliglit  speed 

Figure  20  6  reports  a  schematic  view  of  the  aircraft  and  the 
noise  sonrccs  location 


TWO  SEATER  FIGHTER  AIRCRAFT 


c.ivvar  *  I  OvIV’tR  ■•'<•‘.1 


Kiipire  •  I  wtv  setter  fighter  tircrtSl  schematic  view  md  nt-tise  Mvufces  luctliivn 

Cockpit  noise  iiicasureiiieiils  were  collected  using  conveiilional 
mstnuiieiiiiitinn  In  addition,  in  order  to  snbjeclively  cvaliailc 
and  objectively  quantify  noise  and  intelligibility  at  pilot's  out. 
an  artificial  head  nicasiumg  technique  was  successfully 
adopted  using  the  IIMS  11  .T  lIliAO  ACOUSflC  SYSfliM 
Iliis  is  a  head  and  torso  simulator  having  human  average 
characteristics  (geometry  and  impedance)  m  particular  witli 
res|iecl  to  tlie  ear  churaclerislics  ( see  ligiire  20  7) 

Designed  for  ex(x*rmienlal  lests  iii  the  field  of 
telccumiiiumculions.  I  IMS  II  .t  is  equipjxid  with  iirtilicial 
mouth,  car  simulators  with  ll&K  4105  microphones  (phase 
matched),  preaiiipliliers.  eqiiuli/ers  (to  keep  cuiii|xitihility  with 
conveiitioniil  iiieusuring  systems),  buttery  luekuge  (2  lioius 
autonomy),  digital  recorder  (remote  control  and  high  dyuiiimcs 
1 10  dll),  play-back  unit  with  electrosUitic  headphones 

The  frequency  transfer  functiuns  of  aircraft  system 
commumcations  (IJI117V11K  Radio  and  IC).  useful  for 
Articulation  Index  culculiilions.  were  measurcxl  with  the  1  IMS 
II..T  system,  similarly  tlie  head  and  torso  simulator  was  used  m 
flight  fur  Uie  binaural  recording  of  noise  and  communication 
signals  at  rear  pilot's  ear  and  to  perfonn  Modified  Rhyme  I'ests 
(to  evaluate  nilcr))liune  and  ground-to-air  radio  communication 
quality  using  the  play-back  system)  llelniel  atlcmialiun  was 
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verified  and  adjusted  before  each  IliglU  test  to  repriuluce  a 
medium  carcups  force  previously  idemitled  to  be  wearing 
comfortable 

An  ANR  expenmentai  kit  was  also  installed  inside  the 
standard  helmet  and  cvaliuKed  m  laboralors  tests  and  in-nighl 
using  the  MMS  U.3  system  In  spile  of  some  problems  of  ANR 
system  tuning,  a  good  attenuation  was  measured  at  low 
frequency  making  the  noise  environment  more  comfortable. 
Tlie  numerical  result  was  confirmed  by  the  subjective 
impressions  after  the  listening  of  recorded  data. 


n  fTi 

HEADphone  (2363) 

EitcJroslai  0  HEADphot'9 


(HEAD  a<autf><» 

1 


MMS  11.3  (1239) 

HETII  (1242) 

M  A*;  OrU V  ftc.oK 

HORIV1  (S410) 

DATA  ^sco'Clei 


Thermal  insulation  blankets  on  sidewalls,  fioor  and  rear 
bulkhead.  already  liaving  gtxxi  sound  absorption 
characteristics,  were  modified  bs  introducing  a  noise  barrier 
poKmeric  sheet. 


l  igUJC  S  •  N'M'iC  iiisurilion  ki(  ).iv  lip 

Interior  ciKkpil  linings  were  .Irilled  viireing  holes  Jiiiineler  and 
pilch  <is  ruiiclioii  ol'  lining  disiancc  I'roin  ihe  slnicliire  Hie 
limed  IrequencA  was  kepi  as  lower  as  |X)ssihlc  laNml  5011 1  l/i 
nils  niodiriciilion  conirihnied  lo  reduce  civkpil  reverheralion 
up  lo  2  dll  I  lA.'sl'l,,  as  measured  during  I'lill  [lower  engine  nms 
al  rear  jxisilioii 


h^iifi*  ^  lU'dil  MMS  II  ' 

9,1.  Clickpit  noise  Iniulullon  kil 

Due  lo  Ihe  advanced  developmeiil  siale  ol  Ihe  pioieci,  laigeK 
qiiahried  during  ground  and  lliglil  lesis  oil  Ihe  single  seal 
version,  no  hcaiv  iiuxhlicalions  ol  Ihe  stniclute  wiih  [mssihle 
ini|iucls  on  engine  ivrlorinance  were  lusiilied  on  cosl-elleclive 
consideralions  basis 

nicreldre  siniclure-lxirne  noi-e  was  coulrolled  using  [Nissive 
measures  and  miprovmg  Ihe  II  Kl’  i.hiI  lairiug  design  I  malK 
more  altc'iltion  was  placed  daring  aiicrall  assemhling  lo 
inmimise  wiiidscicen  and  canopi  laiedigimieiil 

riic  lav  up  ol'  Ihe  noise  msalalioii  kil  lalxml  lo  Kgl  is 
scheiiiidicallv  showed  m  I  igaie  20  X,  while  I  igaie  20  9  ie|xirls 
Ihc  nuxlilicalion  ol  Ihe  II  Kl’  nxn  rairaig  which  allowed  u 
eix'kpil  noise  ledaclioa  ol  2< '  dll  OASI’I  .  de|viidiiig  on  Ihe 
IlighI  s|x-ed 

lo  conlam  the  sliactaic  ladailed  sound,  coiislimiied-lavei 
visciHilaslic  damping  malerials  where  hiigelv  applied  ovei  Ihe 
ciKkpil  sanoundmg  siraclaic.  with  Ihe  cxceplion  ol  veiv  slilV 
halkheads 


l  iguic  -  1 1- k  I'  It  X 'I  inU  icIon  tnl  Ix  iu  lil 


Ihc  pure  lone  al  a  frcqucnc\  of  SOO  11/  mtriKluccd  b\  the 
ddrostmg  s\stcm  fDl  MlSl).  parliciilaih  stiong  at  lioiil 
)x>sition  and  low  fiight  s)K’cd.  was  complc’clv  cancelled  bs 
means  ol  a  slight  MUKlificalion  oi  llie  main  an  disliibnlton  kliict 

Ihc  nuxtificalion  (sec  1  igurc  20  10)  was  aiticulalcd  as  follows 

•  duct  dianicici  mcicasnig,  lo  keep  the  s;ime  section  areas  and 
Hove  vcltKitics  so  to  pieseivc  the  onginal  mass  air  tlow 
distribution. 

•  soniul  absorbing  material  mserlion  lor  tone  .iltenuation.  a 
pio|K'i  surface  pioleclion  was  studied  lo  .ivoid  an  How 
abiasion 
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TONE  REDIU'TION;  10  dR 


Figure  in  1 0  -  Mixlillcalion  In  reduce  detroMing  s\Mcm  i.w 

9.2.  Overall  benefits 


l  igiirc  2(1. 12  lor  the  rear  cockpit  position  and  typical  aircralt 
mission  proliles. 


4  ; 


(•riHifid  AllMcIt  Training 


TVnrAl.  AiRfRAlT  MISSIOS  PRinil.KS 

Figure  iO  12  -  Noise  insulaiu^n  l  it  henct'it.s  in  terms  ot  daily  missiuru  number 
increment  i, rear  C'H;kptt ) 


Figure  20  1 1  reixnls  the  noise  insnialion  kil  benefits  in  tonus 
of  typical  noise  siK'ctruin  nuxlificaUoti  and  dHA  OASI’I 
reduction  at  rear  pilot's  ear  Measurements  wore  taken  with  the 
I  IMS  II  }  system 


9.4.  Communicalion  intelligihiliiy  verinculion 

9.4.1.  ANTICl  l.,\riON  l\l#K\ 


NOISE  INSULATION  KIT  BENEFITS 

NOISE  AT  REAR  PILOTS  EAR 


MKlAtiOOQfl 
eA«Ck;  SOUND  fROOr 
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^h.l}X‘ in‘\liiic.ili>>n  bulli\i*\sr)  ivduiiKHi 


V.J.  liciirinK  dumaKt'  vcrinciilion 

nic  noise  insulnlion  kil  iiniKK't  on  (lie  iillowahio  niiiiitvi  ol 
diiils  missions,  with  no  risk  oriicnriii)!  Iiiindnup.  is  shov.L'd  in 


Arliculalion  Index  weic  enleiilaled  lor  llie  UIIIVVIII-  radio 
comiminieiilion  ssslein  iind  K'  svsiein  on  llic  Kisis  orineiisiiicd 
diilii  A  sNutlicsis  ol'resiil'.s  is  sliowed  m  l  igiirc  211  I  '  I'or  llie 
rear  eiKkpil  and  a  range  ol'  comnuiniealion  sssteins  volnine 
eonirol 
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Figure  2<M  I  •  Shim:  imulatn'it  kii  cllech  'xr  Al  indKaied  an  ■*pc*ed  ( lear  viKkpiO, 
•  1 1  lil-  VliF  radii>  voinmuiiicalK'ii.  bMniei|'hi<ne  convnunicalinn 
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9.4.2.  MODIRED  RHYME  TEST 

Intelligibility  tests,  according  to  ANSI  S.1  2  method,  were  in¬ 
flight  carried  out,  for  the  sound  proof  configuration,  using  the 
HMS  11.3  play-back  system. 

A  preliminary  phase  for  listeners  skill  to  talker's  pronunciation 
tvas  necessary,  being  required  the  understanding  of 
monosyllabic  english  words  by  subjects  of  no  english  mother 
tongue. 

During  flight  at  stabilised  flight  speed,  corresponding  to  the 
worst  noise  environment,  two  different  lists  of  50  words  were 
pronounced  by  the  pilot  (front  cockpit),  using  the  IC  system, 
and  by  a  ground  operator,  using  the  UHF  radio  communication 
system.  Volume  controls  were  selected  to  -12  dll  All  words 
were  recorded  by  the  HMS  113  data  recorder  and  were 
successively  listened,  using  the  play-back  system,  by  a  limited 
sample  of  5  subjects  having  available,  for  each  listened  word,  a 
list  of  six  words  within  which  to  select  the  right  one  Ibe  MRT 
scores,  corrected  for  chance,  showed  good  correlation  with  the 
calculated  A1  values  at  .same  conditions 


9.S.  Pilot  comfort  vcrificalion 

In  spite  of  a  proved  compliatice  to  hearing  damage  risk  and 
conununication  requirements,  pilot  reportings  on  noise  quality 
were  only  favourable  up  to  flight  speeds  quite  close  to  the 
boundary 

'fhis  led  to  found  a  possible  index,  to  coiTclate  the  objective 
measurements  witli  the  pilot  siibjc'ctive  perception  of  noise, 
and  a  relevant  scale  of  values,  for  a  comfortable  notse 
environment  quaiitifieation 

llest  correlation  were  found  using  the  I’Nl.l  index,  the 
calculated  values  and  the  suggested  tioi.se  qimlity  scale  are 
reported  in  Paragraph  9  6 


9.6.  Active  Noise  Reduction  system  evaluation 

An  cxperimenUil  ANR  kit  was  in-llight  investigated  after 
laboratory  tests.  Measiuenients  weie  taken  with  the  HMS  II  3 
system.  Some  tuning  problems  at  a  frexpiency  of  8(K)  11/  were 
identified  despite  a  mure  promising  siKcificalion  rcxiiiiremeiit 

Nevertheless  a  good  attenualion  was  iiieasiiied  at  low 
frequency,  nuikmg  Uie  noise  cnvirniiment  more  coiiifortable 

'Hie  impacts  on  hearing  dainuge  and  coiiiimiiiicution 
intelligibility  were  instead  not  us  cx|ic\led  bc'eaii.se  of  the  noise 
levels  increment  in  tlie  1/3  ikTuvc  bund  centred  on  fttxi  1 1/ 

!•  igure  20  14  reports  the  ANR  benefits  in  teniis  of  typical  noise 
siKstutun  modiljeulion  and  dllA  OASI’l.  reduction  at  rear 
pilofs  ear,  both  considenng  the  ex|)erinientul  kit  lliglit  lest 


measurements  and  the  defined  specification  requirements  for 
the  active  noise  conuol  system 


ANR  SYSTEM  EFFECTS 

NOISE  AT  REAR  PILOTS  EAR 


IfURTAVT  HAN!>t1-WntErtllVntNn'  {lit I 


a) 


INlIt  Ani>AD(  SI1-Vl>|Kii| 

b) 

higuic  20  U  •  ANR  bendiU  »t  lettf  pilt'lA  etr  »)  ivpical  spcclnim  %hap« 
mudjlkaht  n.  b)ijnA()ASri,  icduction 


Similar  im))ucls  on  the  allowable  number  of  typical  daily 
missions,  urticiilalioii  index  and  pilot  comfort  are  reported  on 
figures  211  15, 20  16  and  20  17,  res|)ectively 


20  l^  •  ANR  bcnci'ils  in  icmu  ot  lUiIv  miMuww  numNff  mcfcmcni  (rrux 

ciKkpil) 


AflTIC'JLATION  INDEX 
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SPEECH 

INTEUJGIilUTY 


EXCLLLOfT 
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INDICATED  AIR  SPEED  |Ktt] 


a) 


headset.  Design  recommendations  to  contain  the  cockpit  noise 
problem  have  been  given  and  an  adequate  index  to  quantify  the 
noise  quality  has  been  proposed. 

1  Passive  control  measures  can  alleviate  the  overall  level  at 
pilot's  car  and  improve  the  allowable  number  of  daily  missions 
with  no  risk  of  hearing  handicap.  Some  benefits  on 
communication  intelligibility  and  noise  quality  arc  also 
prodiux:d. 

Active  Noise  Reduction  system  appears  to  be  the  more 
promising  tool  for  low  frequency  noise  control.  The  relevant 
benefits  in  terms  of  allowable  number  of  daily  missions, 
communication  intelligibility  and  quality  of  noise  arc 
remarkable. 
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Figure  20  16  •  ANk  ellcvt-i  iw  Al  V5  indicated  air  ^pecdirear  ciKkpii).  a)l'HF'VllF 
r*di<)  communicaiKin.  h)  interphone  s  ommunuaiion 
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10.  CONCLUSIONS 

llio  applicable  cunceplH  lor  ctK'kpil  iioiw  venricatic’.a  in  a 
niilitars  aircrall  have  been  described  tiiviii|!  eiupliasis  to  die 
applicable  requirements  lor  medical,  mlclligibility  and 
ogicraluinal  iiiqiacls  on  llittht  ineinbers 

Sriuctiire-bunie  noise  has  bcx'ii  identil'icd  to  he  tlic  dommuiU 
source  and  tlie  most  amioyin(i  coiiipoiiciil,  as  gxior  ullenuation 
at  low  rrcquciicy  is  to  he  exjicxlcd  front  pilot's  standard 
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Abstract 

There  is  considerable  interest  in  reducing  the  cabin  noise 
environment  in  turbo-prop  aircraft.  Various  approaches 
have  been  considered  at  deHavilland  Inc.,  including  pas¬ 
sive  tuned-vibration  absorbers,  speaker-based  noise  can¬ 
cellation,  and  structural  vibration  control  of  the  fuselage. 
These  approaches  will  be  discussed  briefly.  In  addition  to 
controlling  the  noise,  a  method  of  predicting  the  internal 
noise  is  required  both  to  evaluate  potential  noise  reduction 
approaches,  and  to  validate  analytical  design  models.  In¬ 
stead  of  costly  flight  tests,  or  carrying  out  a  ground  simu¬ 
lation  of  the  propeller  pressure  field,  a  much  simpler  recip¬ 
rocal  technique  can  be  used.  A  capacitive  scanner  is  used 
to  measure  the  fuselage  vibration  response  on  a  deHavil¬ 
land  Dash-8  fuselage,  due  to  an  internal  noise  source.  The 
approach  is  validated  by  comparing  this  reciprocal  noise 
transmission  measurement  with  the  direct  measurement. 
The  fuselage  noise  transmission  information  is  then  com¬ 
bined  with  computer  predictions  of  the  propeller  pressure 
field  data  to  predict  the  internal  noise  at  two  points. 

1  Introduction 

Numerous  researchers,  and  many  aircraft  manufacturing 
companies  have  investigated  approaches  for  reducing  the 
noise  within  the  cabin  of  commercial  turbo-prop  aircraft 
(see,  for  example  [!-'{.)  The  methods  considered  include 
structural  modifications  [1],  passive  damping  [2.3],  and 
active  noise  [-1,6],  or  vibration  control  (S.T).  DeHavilland 
Inc.  (DHl)  has  tested  tuned  vibration  absorbers  (TVA's) 
and  active  noise  cancellation  systems,  and  is  involved  in 
investigating  an  active  vibro-acouatic  system.  Prior  to 
flight  testing,  these  and  other  approaches  must  be  evalu¬ 
ated  both  on  models,  and  In  preliminary  ground  testing. 
It  Is  therefore  necessary  to  characterise  the  aircraft  cabin 
noise  properties.  The  research  program  at  OHI  therefore 
involves  two  Mpecis.  one  on  noise  reduction  techniques, 
and  the  other  on  modelling,  model  validation,  and  noise 
evaluation. 

Externally  generated  cabin  noise  sources  include  bound¬ 
ary  layer  flow  noise,  acoustic  excitation  of  the  fuselage 
from  the  propeller,  and  structure-borne  noise  due  to  en¬ 
gine  vibration  and  flew  distortion  over  the  wing  (flj.  For 
the  deHavilland  Dash-8  aircraft  shown  in  Figure  I,  the 
proximity  of  the  propeller  dUr  to  the  fuselage  results  is 
the  narrowband  acoustic  excitation  of  the  fuselage  being 
the  dominant  source  of  nolsr. 
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Figure  1;  DeHavilland  Dash-8  aircraft. 

There  arc  several  options  available  for  noise  reduction. 
The  structure  can  be  modified  by  stiffening  frames,  or 
thickening  skin,  however,  this  yields  substantial  weight 
penalty  for  a  given  noise  reduction.  Passive  acoustic  or 
structural  damping  is  not  useful  because  the  response 
is  primarily  forced,  rather  than  resonant.  Narrowband 
damping  approaches  using  tuned  vibration  absorbers  have 
yielded  reductions  of  10  dB  [2],  but  the  improvement  is 
limited  by  the  difficulty  of  keeping  them  tuned  in  a  vary¬ 
ing  environment.  The  simplest  active  technique  is  syn¬ 
chrophasing,  which  should  certainly  be  used.  Flight  tests 
of  active  control  of  the  internal  sound  field  have  yielded 
10  dB  reductions  [4,6],  however,  many  microphones  and 
speakers  are  required  to  obtain  this  performance.  .\n  al¬ 
ternative  active  approach  is  to  rerluce  the  acoustic  trans¬ 
mission  of  the  fuselage  using  active  structural  control  [S.T], 

Both  for  model-based  design,  and  for  evaluation,  these 
techniques  require  a  method  for  determining  the  cabin 
noise  caused  by  the  propellers.  Flight  testa  are  ultimately 
required,  but  in  the  early  development  stages  of  a  poten¬ 
tial  noise  reduction  technique,  they  ate  undesitaUe  be¬ 
cause  they  are  expensive.  A  ground  simulation  of  the 
propeller  noise  field  incident  on  the  fuselage  surface  is 
possible  [9],  however  this  technique  requires  a  complex 
two-dimensional  array  of  many  loudspealwis  with  mutual 
phases  and  gains  correctly  adjusted  to  reproduce  the  cor¬ 
rect  pressure  distribution.  This  approach  is  limited  in  ap¬ 
plicability,  because  the  simulation  will  always  be  imper¬ 
fect.  and  may  also  be  quite  expensive.  Computer  mod¬ 
elling  of  the  propeller  noise  field,  structural  dynamics,  and 
acoustic  field  can  be  used  to  predict  the  interior  noise, 
however,  these  models  must  still  be  validated  by  experi¬ 
ment  al  some  point  in  the  design  process. 

An  allernalivr  approach  to  experimentally  determining 
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Figure  2:  Schematic  of  reciprocal  (a)  and  direct  (b)  mea¬ 
surement  arrangement. 

the  cabin  noise  is  to  use  a  reciprocal  technique.  This 
approach  is  much  simpler  to  implement  than  the  direct* 
simulation  of  the  propeller  noise  held.  For  a  linear,  pas¬ 
sive  system,  the  response  at  one  point  due  to  a  source  at 
a  second  point  is  the  same  as  the  response  at  the  second 
point  due  to  a  source  at  the  first  [10,  It],  Hence,  rather 
than  measuring  the  noise  transmission  from  an  external 
pressure  source  to  a  point  in  the  interior  of  the  aircraft, 
one  can  measure  the  surface  vibration  of  the  fuselage  due 
to  a  point  noise  source  inside  the  aircraft.  This  informa¬ 
tion  can  be  combined  with  computer  predictions  of  the 
propeller  pressure,  to  predict  cabin  sound  levels.  One  ad¬ 
vantage  of  such  a  technique  is  that  once  the  noise  trans¬ 
mission  data  have  been  obtained,  the  internal  noise  can 
be  predicted  for  any  pressure  distribution,  corresponding 
to  different  engine  rpm  or  flight  conditions. 

reciprocal  approach  for  examining  struclure-borne 
sound  transmission  into  aircraft  has  been  suggested  by 
Ver  [li.U],  who  gives  an  experimental  validation  compar¬ 
ing  the  direct  and  reciprocal  transfer  functions  between 
a  point  force  and  internal  sound  piessure.  Mason  and 
Faliy  (H-IB)  developed  a  reciprocal  approach  for  measu^ 
ing  Iransmiuion  from  external  sound  pressure  to  inter¬ 
nal  noise.  The  approach  subdivides  the  surface  area  into 
small  Kan  elements,  and  uses  a  eap«itlve  measurement 
of  the  surfKf  vibration  on  each  element.  The  technique 
was  validated  on  a  box.  with  excellent  agreement  obtained 
between  direct  and  reciprocal  measurements.  The  recip¬ 
rocal  technique  was  then  used  for  noise  evaluation  on  Kale 
models  of  aircraft-like  structures  [1.^]. 

This  paper  gives  a  summary  of  the  nolK  reduction  tech¬ 
niques  considered  at  Dill,  and  then  deKribes  the  collab¬ 
orative  research  involving  the  National  Rewarch  Conn- 
cil  of  Canada  (NRC)  and  deHaviUand  Inc.  on  reciprocal 
noise  transmission  measurements.  This  resesKh  extends 
the  work  of  previous  authors  by  developing,  validating, 
and  demonstrating  a  reciprocal  approKk  Ibr  measuring 
sound  transmission  through  the  fuselage  ou  a  luli-Kal# 
aircraft.  As  in  Mason  and  Kahy's  work,  a  monopohr  sound 
source  is  located  inside  the  fus^age,  and  a  non-contacting 
capacitive  probe  Is  used  to  measure  the  external  surfww 
vibratbn.  The  arrangement  is  shown  KkematicaUy  in  Fig¬ 
ure  To  verify  reciprocity,  the  direct  transfer  function 
is  also  measured,  using  a  horn  desigo'^d  to  insonify  a  sin¬ 
gle  element  of  the  fuselage  surface.  Excellent  agreement 
has  been  obtained  between  direct  and  rwiprocat  measure¬ 
ments. 

The  aircraft  surface  is  Kanned.  and  the  data  obtained 
is  combined  with  propeller  pressure  leld  inibrmalios  to 
predict  the  iulerlor  noise  at  two  htcalious.  The  predktion 
agrees  well  with  measured  light  lest  data.  Finally,  ike 
total  number  of  Kan  elements  used  is  gradually  reduced. 


to  determine  the  minimum  number  required  to  obtain  a 
useful  prediction. 


2  Noise  Reduction  Techniques 

deilavUland  Inc.  has  been  a  pioneer  in  the  production 
of  regional  aircraft  with  low  exterior  noise  [17].  For  a 
number  of  years,  it  has  been  recognized  at  deHaviUand 
Inc.  that  cabin  noiK  levels  in  turbo-prop  regional  aircraft 
must  be  reduced  untU  they  approach  those  of  turbofan 
powered  airliners.  Various  passive  and  active  methods  of 
cabin  noise  reduction  have  been  investigated. 

The  most  obvious  approach  is  to  first  apply  control  to  the 
relative  speeds  of  rotation  of  the  propeUers.  This  strategy, 
known  as  synchronizing,  minimizes  the  annoyance  of  mod¬ 
ulation,  or  “beating”,  of  the  propeUers.  It  is  then  recog¬ 
nized  that  the  sound  fields  of  the  individual  propellers  can 
be  made  to  interfere  destructively  by  conIroUing  the  rel¬ 
ative  phaw  angle  of  the  propellers.  This  strategy,  known 
as  synchrophasing  is  clearly  just  a  refinement  of  propeller 
synchronizing  and  both  ate  almost  always  used.  The  pro¬ 
peller  manufacturer  designs  and  builds  an  effective  control 
unit  which  the  airframe  manufacturer  then  integrates  into 
the  aircraft.  NoiM  reductions  of  Kveral  dBj.M  are  possi¬ 
ble,  with  minimal  associated  weight  penalty  and  cost. 

Typically,  the  optimization  of  the  angle  has  been  based 
on  Highl  lest  data.  Microphone  information  can  be  taken 
with  the  propeUers  running  at  different  speeds,  in  ortler  to 
separate  out  the  effects  of  each  propeller.  A  second  test 
with  the  propeller  speeds  switched  yields  model  informa¬ 
tion  for  both  propellers  at  both  speetls.  Opilmiiallon  of 
the  relative  angle  is  then  straightforward.  Only  a  small 
change  in  the  optimal  phaw  angle  is  observed  depenil- 
ing  on  whether  the  cost  functioii  is  the  peak  sound  pres¬ 
sure  level,  or  Ike  mean-square  level.  This  is  illustrated 
in  Figure  3.  where  the  variation  in  peak  noise,  and  in 
total  acoustic  power  are  shown  as  a  function  of  the  rel- 
ative  phaw  angle  between  Ike  propellers,  for  a  Dash-** 
Serin  100  aircraft. 

The  iransmisaion  of  propeller  nolw  into  the  cabin  is  a  func- 
lioa  of  the  design  of  Ike  fnsdage  shell  structure  I  frame*, 
stringers,  skins,  etc.  I  and  of  both  the  structural  design 
and  allaekmenis  of  the  interior  (bins,  sidewall  panels, 
etc.).  Rigorous  optimlialion  iwhuiquiM  (U)  and  Taguchi 
lor  Denign  of  Expetimenu)  terkniqun  (I#]  can  be  used 
to  design  fnwlagt  and  interior  structures  with  lower  noise 
transmMon  properties.  This  strategy  will  he  followed  in 
fntnte  DHI  designs.  Often  significant  cabin  noise  reduc¬ 
tions  can  be  nchieved  only  at  Ike  expenw  of  tome  increase 
in  weight.  The  cost  is  minimal  if  this  strategy  lorms  pan 
of  Ike  Initial  design  procesa. 

Sshutaalial  effon  has  been  Invested  in  developing  pas¬ 
sive  uned  vibration  aheorher  (TVA|  syalemt  for  both  Ike 
Da*k-I  Setien  100  and  Series  300  airctafl.  These  systems 
have  been  light  tested,  and  are  canenlly  available  in  pio- 
dnciion  aiitrafl.  Noise  rednetione  of  several  dBiAl  are 
obtained  tw  a  total  weight  penally  of  lens  of  kilogram*, 
along  with  ike  cost  of  the  asmiciatvd  hardware. 

The  TVA  is  a  one  degree  of  freedom  spring- mass-damper 
system  wlih  a  resonance  at  one  unwanted  frequency,  use- 
atty  either  the  blade  passage  frequency  IBPFI  or  isBPF 
*1  cruise  eugiue  rpm.  NoimaUy.  TVA  *  are  mouuivd  ou 
fuselage  frame*,  lu  the  victuily  of  the  resouaal  frequency 
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Figure  3i  Ykriaiion  in  noiw  wilk  nynckiopkaM  anglr. 


Ikr  TVA  provklM  »  bigk  Iw|m4m<*  to  rilunlimi  nl  lu 
wtHMitog  iNiiM.  Ik*  i■l«rMl  •rmiMk  l*U  in  ioKvd 
ik*  ttorlnar  vIkrnllM,  Murtat  ik***  IrwW  ntw  tolui* 
to  rnkin  Mkv.  Tjrtilrnl  brl^  m4  nltor  viktMtoa 
W«*b  ivklrtoil  u«  n  D«ik  *  Hvfir*  IW  •«nl)illr*l  wmH 
•It  iknnlrnlMi  in  Figniv  4. 

I«  rktMwiiiit  ikr  <lnii»plim  ol  lk»  TV*A,  Ikoi*  k  *  ikmiM 
IfMtp-ut  k*l«N!««  low  4«wpto||  to  gtto  krller  pnhmutt* 
>1  Ik*  itooMoev  fminniry.  nod  k^  dMiplit  w  tan**** 
ikv  kMtlwkllk  ot  Ik*  dk^iwiiMi.  Fur  ikki  ippkfiltmi, 
•  ivlAiitoly  ktowl  IwadwMk  mom  k*  rknwii.  du*  to 
tkingw  in  ik*  ••gia*  r|ua  kriw***  <^r*lr*.  Hkak.  tad  d*- 
Msai.  aad  «aitekilli)'  la  ik»  sjnuai  dyaaaum  da*  to  *a*l- 
raaairaial  aad  |wwi*aito*lliia  Hk#l*.  Tkkt  *aktrt«*M«lir 
iraaidaito  tato  puunrt  iwrfawaaar*  far  «*t4  T\‘A-  l*|war< 
Ur*.  Ik*  npriiat  »i*ia»ai  i*  ^k*r  awlatk.  WMakiiig  la  low 
d*ai|daii,  ur  «a  rlarluawrr  mtiKlnd  tm  kwr  iwakilrWy  to 
iraiiMnaiai*  vdaci*.  iiiriag  atodml*  to  klgk  daaiidag. 


Figure  5i  Active  noire/ vibtalioa  control  ryrtemr. 


The  locations  of  the  TVA’r  were  ckoren  baaed  on  an  inten¬ 
sive  optimisation  that  used  a  pnrely  mearuiement- bated 
model  obtained  during  Right  tests.  This  motivates  the 
noise  transmission  studies  discussed  in  Ike  following  sec¬ 
tions  of  this  paper,  since  in  this  cate,  project  costs  could 
probably  have  been  reduced  if  a  verified  dynamic  vibro- 
acouslic  model  were  available  for  design  purposes.  1  urn 
around  lime  between  designs  could  abo  be  reduced.  Fi¬ 
nally,  ;'a*t-benelil  trade  studies  between  Ike  number  (and 
thus  Ike  weight)  of  TVA's  and  cabin  nrutc  redut  lion  could 
have  been  conducted. 

One  of  the  disadvantages  of  this  passive  approach,  aside 
from  Ike  obvious  weight  penally  ^  placing  masses  in  Ike 
fuselage,  is  that  of  eilker  keeping  Ike  TVAV  toned  in  a 
varying  enviroamenl.  or  accepiing  Ike  performance  «- 
duciion  associated  wilk  increasing  ike  TVA  bandwidth. 
Moreover,  the  TVA  is  really  only  efeclive  ovei  Ike  re- 
■tnired  range  of  operating  speeds  of  ike  propellei.  includ¬ 
ing  lakeoR.  climb  and  erube. 

I*  order  to  rednee  Ike  noine  level  fntiher.  vnrions  nelive 
noki*  tednclban  lekewen  rnn  be  ransbteted.  One  approneb 
Is  to  place  a  lafg*  nnmber  of  s|wakrts  aad  mktopbunes 
witbln  Ik*  passrngpt  eii«ip*rim*ai.  and  ns*  an  nrlive  nuke 
enneidlallen  |ANt‘)  sysivw  to  mintmii*  Ik*  m»**-s«|nMe 
sonnd  preinni*  l*«»i  ni  ik*  minophon*  locnilo**.  This 
sHnp  In  Mnslrnlwl  sdMunalknlly  la  Fignie  3.  Ilw  engine 
ipw  rnn  k*  need  ns  an  inpni.  m  Ikni  enltenudy  narrow- 
InumI  itHlIi 

iagly  good  pefkttwaat*.  SMIai  syniemn  have  been  Mgbi 
ivnied  on  otbet  aiirtnll  |4.ll).  wiib  mds*  lednribtn*  of  up- 
prwdiMlely  ID  dB.  flgkl  Issi*  eondnrlsd  wiib  SCT 
Faglaad  on  ibe  tbkb  D  airrtnfl  bnto  arbieeed  generally 
similar  tesnIiSk  Tb*  oteraM  iiwlalatb«n  can  be  eapeeird 
to  wulgb  U  kilugiaak  or  bws.  for  n  coni  of  between  tIDK 
and  ItIWK. 

Wbll*  ibks  approneb  ban  been  soreesstnily  llgbi  irnued. 
th*rv  ni»  nllil  n  tew  dlnadvaaingni  In  ndtBibtn  to  Ukigbl 
and  COM.  Il  Is  dUBrnii  to  inlfgtni*  n  Inige  anmbet  of 
balky  speakers  into  tk*  pwnengei  coMpnitweni.  Tk»ie  Is 
n  irndeoB  k*lw**n  rvdncid  speaker  rneknuii*  vobun*  and 
idtrkncy.  TV  rviaVkiy  and  mnlntolnnnfe  cum  of  Ike 
iqktow  lemaln  to  k*  gnaaiiksd.  Fiaal^.  ligkl  Wsis  kave 
skown  ikm  Ik*  sy*l*«  lends  to  tnrr»as«  cabin  cibrnUun 
Wvets.  wbkb  ai*  alirady  Vgk  in  n  inrVs-ptop  aMetafl. 
Tkia  Ik  to  b*  vaptcivd  sine*  cabin  accvVraibtrm  aw  not 
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typtcally  included  in  the  cost  function  of  an  ANC  system. 

An  alternative  active  approach  that  is  currently  being  in¬ 
vestigated  by  DH!  and  NRC  is  to  use  structural  actuators 
to  control  the  fuselage  vibration  [T],  The  active  vibro- 
acoustic  system  is  also  shown  in  Figure  S,  where  a  contro! 
force  is  used  to  reduce  the  structural  vibration  that  cre¬ 
ates  the  sound.  This  approach  has  the  advantage  that 
few  actuators  are  needed,  since  the  vibratiou  need  only 
be  controlled  where  the  propeller  disturbance  is  highest. 
This  immediately  translates  into  a  weight  saving.  Further 
advantages  can  be  teaKied  if  feedback  of  structural  mo¬ 
tion  is  used  rather  than  of  the  internal  sound  field.  Similar 
noise  reductions  can  be  achieved,  but  with  a  simpler,  less 
intrusive  system.  Because  the  transfer  functions  involved 
are  simpler,  robustness  is  improved,  and  simple  control 
laws  can  be  used.  Simulations  with  a  simple  analytical 
model  iudicute  that  a  noise  reduction  of  10  dBA  can  be 
achieved  with  a  relatively  small  number  of  pieiueleetric 
actuators  bonded  to  fuselage  frames  [Tj.  Optimisation  of 
actuator  and  sensor  numbers  and  locations  will  be  deter¬ 
mined  basetl  on  a  trteasurement  model 

As  with  the  other  noise  reduction  tei. hnit|Ues.  design  times 
and  therefore  cost  can  be  reduced  with  a  detailed  analyt¬ 
ical  model.  Such  a  model  can  only  be  used  reliably  fur 
design  if  it  is  validaied  by  measured  dat-^  at  some  point  in 
the  design  process.  Therefore,  it  is  necessary  to  consider 
simple  approaches  to  obtaining  measured  data  lor  model 
validation.  The  reciprocity  lechnnine  described  herein  can 
also  be  nsed  fur  evatnation  of  noise  lednction  irthnnines 
in  ground  testing 

3  ll«H-i|trueity  TlttHiry 

Rrcipfocily  was  Irst  shown  to  hold  lol  vibinling  systems 
by  lord  Rayleigh  ||u|  in  l»Tt,  and  it  holds  lor  any  Kn- 
ear,  pas4ye  system  (11],  incindtng  vibtrsnronstn  systems 
The  atieiafi  fuselagr  will  hate  some  non-hnea,  damping 
meehaWsms,  bnt  the  elect  of  these  on  the  leriptarily  le- 
laitonship  In  smal  The  fggdameniai  ptinetplF  is  that  the 
trnnslst  fnnetmn  Inm  a  wmiee  at  tme  ptdni  to  a  tespon.w 
at  antNher  is  the  same  as  the  transfer  Inneiton  wtih  ssmite 
and  lesfUMwe  tmetehantsd.  this  pngwrty  holds  as  hmg  «• 
the  ptwdnrt  til  the  tnpnl  end  onlprM  vartaMrs  at  sneh  to- 
cainm  n>  pfMpoHtMMl  tn  the  ptiwet  lotn  Into  the  sysism 
this  pHtpetty  nl  systems  In  med  egiensite^.  heennse  u 
in  ttegnetd^  stmpkn  to  mcinatte  the  teetpratal  ii  msl** 
fimetiiMi  than  the  dtrvH  uatMlH  Istsc^nm  <4  tnletssi. 

tW  ewndnei  intettm  md<e  mssu  -.^-^tenU  dne  to  the  ptte 
pslet  ptsMUtre  held,  the  eulSsvaf  vstlnrs  ol  the  niieyall 
hpelige  is  htsi  stihdittded  into  n  namhev  td  sean  nivas.  ns 
ilnstrnied  in  Fignie  n  tV  site  ol  the  srnn  «*«  tsspititai  h> 
based  on  the  mMmam  vthtaittm  wasefenglh  to  be  svmstd- 
eted-  and  tw  the  btsrlagr  sirmintai  dynamtt  ptwpetiisw 
the  snhiei  nl  w'an  clemsnL*  un  whbrh  the  enMiml  ptss 
pelbt  pemsttie  h*w  ts  hlghma  in  enwidetsd.  an  tndirated 
in  the  I'lgnie.  Thn  mdse  tiadimtuimi  «al  the  tdpulim  team 
each  at  these  seati  ebmentn  In  enrh  Mevtial  (ndnl  sfcsleed 
is  mea^nied.  The  Itilal  mietnal  nnbe  is  iditalnsit  h«  earn' 
bimmi  ibis  inlatmaUMi  wtlb  the  etMipniea  ptedbted  pise 
peiet  pteseaite  held  nil  emh  scan  elvineM.  and  mwming 
rssei  the  piwpeisf's  atnmdie  *lnwlprtnl* 

The  dheeel  guise  itanjanindwi  Itamdid  fnwUun  on  the  aip 
riaR  Idieinge  in  lhal  Ibam  an  ssHsdiial  pieseane  hsM  |s 
apphed  m  a  sMghs  senn  elemsm  in  the  ptwiiniu'  gs  ai  an 


Ftguro  It  Fuselage  Man  elements  lor  which  nob  ■  irans, 
mission  b  measured.  The  area  uudc?  the  wiug-hoa 
shroud  is  left  hlauh  Fbmenis  shuwu  doiisd  sere  uot 
scanutd.  t  he  ptupelbt  plaar  b  matkr  l  with  a  solid 
lias 

inleiual  potui  fshowu  iu  Figure  ibi  tV  itansirt  lunc- 
lion  p«/p.  IS  the  rrspstnsr  lhal  Ss  Irs^uirsd  to  predni  inlei- 
nal  none.  The  rretproruf  mrusuirmeni  b  Ittaitt  an  inter¬ 
nal  acodsilc  vsdnme  vehnity  source  ol  siieugth  if,  to  the 
vibrational  cidnme  yehictiv  (/.  on  the  snifaie  (sbown  in 
Figuie  gal  Thb  ttansbr  lunetum  if. /if,  b  nsed  instead 
ol  the  sbiesi  measnrement,  heragse  it  b  easief  to  mra> 
snie  the  response  ol  a  siagb>  sarfare  Hemenl  than  it  b  to 
apply  aeoaslb  btads  In  only  lhal  eirmswt  Foi  a  single  r|, 
emenl.  tsvtpiswily  gives  that  ihsss  two  transfer  luneimns 
-ue  es|ual. 

I  “  f 

wbeye  both  dnanliitrs  aie  Inneinms  u(  Ittspieney  Rece 
ptoetly  holds  btsausc  both  Q.p.  and  (|t|s  isiucsent  ibe 
pssuNsf  Mpnl  Its  the  ssbrseasMUsib  sysaem.  due  to  ibe 
sctMVts  P>  nad  if,  iswpeclivsty 

lti.vn  the  eUlHnal  ptessnie  dblltbtillMi.  Ibeu  the  tWetnal 
samnd  held  can  be  enmpuled  as  ibe  sdut  met  ibe  A'  wan 


tbin  futm  al  'be  rsviptn-siy  ivlatnmsbtp  b  cbaity  piw- 
senled  in  |lt,ln| 

ftnev  Ibe  irnnslet  Inneiiuns  base  been  medsnisd. 

ps  can  be  ptedbied  bn  any  eaietMl  hell,  id  any  Bkibi 
regime.  The  medsMemenln  tan  be  made  on  ooetalnmnl 
nUetnll  viiilnMl  mudlhi'nliMis,  ami  beeame  ibe  setww  is 
ana  rimini’tlng  g  dusw  awl  Wsell  change  tbe  wsponsi  that 
b  tihia'rwil  Hsmeuet.  lbs  suaiee  if,  wasi  be  Inealed  m 
warh  iatetaal  point  hltbhleltgvbdesiwd.  and  tbe  biiuliai 

^iwmgs^mgM  w-a  «.  ■. 

f  W  WH"*  ipfl  Ml 
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accurate  pie^iictioti  nta;*  be  latfie.  However,  if  only  the 
approxiiimle  dHtereiice  in  noise  level  belweiii-lwo  cases  is 
needed,  then  an  adequate  prediction  of  71,  could  be  ob¬ 
tained  by  measuring  Q,  over  a  much  smaller  number  of 
elements. 

The  reciprocal  method  can  also  be  used  to  evaluate 
structure-borne  noise.  The  internal  sound  pressure  due  to 
an  externally  applied  point  force  is  Pi//«.  By  reciprocity, 
this  transfer  function  satisfies 


where  Vc/Q,  is  the  response  from  the  internal  volume  ve¬ 
locity  source  to  a  point  velocity  measurement  taken  using 
an  accolerometer  located  at  the  point  of  force  application. 
This  result  could  be  used  to  evaluate  the  contribution  to 
tile  interior  noise  due  to  engine  imbalance  and  wing  vi¬ 
bration  loads  being  transmitted  into  the  internal  acoustic 
field  through  the  wing-box. 

4  Expcriineiit  Equipment 

rile  full-scale  demonstration  of  the  reciprocal  approach 
for  noise  transmission  iiieasiirciiients  involves  a  monopole 
noise  source  located  inside  the  aircraft,  and  a  capacitive 
.scanner  to  measure  the  external  luselage  vibration.  This 
ineasure.s  the  transfer  function  QtjQ,  in  Kqiiation  (I)  or 
(2).  I  lie  approach  was  validated  by  comparing  this  trans¬ 
fer  function  for  otte  eletttent  to  the  directly  itteasured  trans¬ 
fer  fttnetion,  in  Equation  (I).  The  direct  measnre- 

iiient  required  a  horn  designed  to  insonify  a  single  element 
of  the  aircraft  fuselage.  The  arrangeitietit  of  the  sensors 
atid  sources  in  the  two  approaches  is  shown  ilt  Figure  i. 
The  equipment  is  described  in  detail  below, 

4.1  Aircraft  PusnlnKu 

The  cxperintental  aircraft  is  a  dellavillattd  Dash  k  Scries 
ftltl  fttselage  without  wiitgs  attd  etnpettttage,  The  interior 
is  'green':  there  is  no  trim  or  seats,  althuugli  the  internal 
insulation  is  jiresettl.  As  a  result,  there  is  less  aeoustie  and 
structural  dampittg  than  would  be  present  in  an  actual 
aircraft.  The  aircraft  was  supported  during  the  tests  by 
an  overhead  eratte  attached  to  the  fore  attd  aft  edges  of 
the  witig  box  on  either  side  of  the  fuselage.  I'he  aircraft 
was  prevrttted  from  swinging  by  fuaiit-litied  support  stamis 
that  allowcil  scanning  of  the  underside  of  the  aircraft.  This 
systeiit  provides  a  reproducible  method  of  supporting  the 
aircraft  that  is  re|ireaentative  of  the  trne  Night  cunditiuns. 

The  exterttal  surface  of  tlu'  fuselage  between  the  lure  and 
aft  ends  of  the  passenger  cnm|>artment  was  iitarked  oN 
into  scan  elements  21.5  inches  axially  by  .5  inches  citenni- 
ferentially.  The  tliitiensions  were  selected  so  that  the  e|. 
emeiit  bouttdaries  ate  ililined  by  the  fuselage  frames  anil 
stringers.  I'he  frames  and  stringers  ilominate  the  sitttr< 
Inral  dyna'iiics  of  the  modes  that  euufile  with  the  internal 
and  external  acoustic  held,  and  therelute,  details  of  the 
skin  vibration  in  between  frames  are  irrelevant.  I'he  seaii 
elements  are  lalielled  A  through  Q  axially,  and  III  through 
M  circnniferentiall.v, 

4.2  Muitopulo  Sotiud  Sutireo 

The  internal  sound  suurre  is  a  dodeeahediun.  shown 
Ki  hemaiically  in  Figure  7,  with  twelve  luu  Walt  s|teah- 
ers  each  t  ent  red  on  a  |ienlaguu  of  sides  li  inches.  Uasvd  oh 


Figure  7:  Schematic  of  dodecahedron  noise  source  used 
for  reciprocal  measurements. 

the  enclosed  volume,  the  equivalent  spherical  radius  is  7.5 
inches,  which  is  small  compared  to  the  wavelengths  of  in¬ 
terest.  Calibration  tests  indicated  that  this  configuration 
operates  as  a  uniform  monopole  source  between  50  and 
500  Hx,  except  at  distances  on  the  order  of  the  equivalent 
radius  or  smaller. 

The  sound  source  was  calibrated  in  an  ancchoic  chamber 
using  a  reciprocal  approach.  The  transfer  function  from 
the  drive  current  /u  applied  to  the  dodecahedron  source, 
to  the  voltage  response  £'„  of  an  auxiliary  speaker  was 
measured.  .Next,  the  dodecahedron  was  replaced  by  a  mi¬ 
crophone,  and  the  sound  pressuri^  /*j  at  that  location  due 
to  the  drive  current  U  applied  to  the  auxiliary  loudspeaker 
was  measured.  Ueciprocity  gives  that  /I'a/f/a  s'  /*ii//,i. 
since  both  F.'„f„  and  yuMj  represent  power  How  into  the 
acoustic  system.  The  calibration  curve  for  the  dodecahe¬ 
dron  sound  source  is  therefore  given  by 


4.3  CniMtoltniifP  rruho 

Vibrational  volume  velw  ily  of  the  ■  xiernal  surface  U  mea 
sured  with  a  hand-hekl  capacilanie  pro|>e,  shown  in  Fig 
ure  n.  I'he  ptolm  has  a  concave  surface  to  match  the  fuse¬ 
lage  curvature,  and  dimensions  equal  to  a  single  scan  ele¬ 
ment.  The  area-averaging  eNee  t  of  the  probe  is  desirable, 
since  only  those  features  of  the  vibration  that  transmit 
sound  elfeciively  Iwlow  dIHl  Ms  are  of  interest. 

I'he  change  in  capaeitame  caused  by  fuselage  motion  is 
measured  by  the  circuit  in  Figure  u  The  ItuuiV  |iolat 
isiug  voltage  lietween  the  prolie  and  aircraft  is  usetl  to 
improve  sensitivit.v  This  does  not  inwe  a  hasatd  to  the 
operator,  due  to  the  high  im|ie<laaie  of  the  circuit  I'he 
capacitance  idate  is  shiehled  to  reduce  noise,  and  the  air¬ 
craft  is  groundeil. 

The  probe  has  four  feet  with  built-in  I.VDF  sensors  and 
springs  to  give  a  measure  of  the  pii>snnir  being  applied 
This  infurmatiun  is  displa,veil  on  a  wl  of  I.FD's  so  that  the 
operator  can  maintain  a  constant  holding  pressure,  and 
therefore  constant  oNset.  I'he  resolution  is  U.UUi  Inches, 
corresponiling  to  a  measurement  error  of  itI.M  dU.  I'he 
radius  of  curvature  of  the  Dash  k  fuselage  changes  at  ap- 
prnxlmaU4y  the  Hoor  level,  and  the  position  of  ench  fool 
can  bendjnsted  to  maintain  the  correct  uNsel  white  lahing 
data  in  this  region. 

The  probe  was  cniibiaird  using  a  slit  lightweight  plate 
with  the  same  caivalaie,  aad  with  its  htsi  beading  mode 
above  the  ltvc|uractes  of  inleiml  I'he  calibtalioii  plate 
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l^tKiirt*  Ot  ('4|t4i'iiaiii'r  itriilH- 
tt4«  inuttHlnl  ((«  4  khulirt,  oiitl  ihr  ittKitiil  ul  llw' 

•  witti  Ih*'  (>l  uttt'lri'tinrit.ia  iHUHttlrtl  un 

tli>'  Hllr  M  «ti  ut  l>  .'*>  mill)'*,  Ibf  K 

|n‘V/(m7«),  WHll  UN  tlH  tr4W  til  •rli4llt 
Ut  !«•  llw  uNwl  !•  ilti  iPiuinl  KfiaKt  rlfriu  air  llir  uitlrr 
»l  ibr  utfarl  tlmuiar  iJU|.  iiail  I.4N  llH-lrluii  lir  MthUfnI. 

<1.4  RxianinJ  SmuwI  9iuum> 

III  titltUnlr  llir  ircipiiaal  4|i|ii«M>ti.  iIh-  (itMUxr  tHittf- 
i|iaM*in»Mt>i«  tMii|M'il|r«  iiMr  rltmi’al  Wrlr  tnr«>air>l  lit 

In  lit  .  atiat  4  kuia  «lir^«i*anl  ta<uail.t  »  4a«k-  rtrairal 
u(  ihr  4111  uli  (avUxr.  •kiiwa  MWaiaia  alit  ta  in 

i  ki-  ia<air  «4ll*  ui  Ikr  kuia  4lr  bani  ttllk  hMW.  Ill  rbwi. 
a4l>'  4iuaMa  inataaai*-*  aaJ  impiuir  ikr  •imimI  aaU  in  < 
•laria  t  uatkiiMillt  i4  ikr  a^aad  larwair  4l  ikt  aaialk  «il 
Ike  kuia  S  |tit4a.  wilk  »  ata  iu|*lniiH<  ara*  aw>l  lu  ubiaia 
Ikr  4tr|4Xr  laiar  ul  ikr  (Hwalr  hrki  iHi|aai(ia<  ua  ikr 


Flgliti;  lOi  S.  hcniatic  of  external  sound  source  used  for 
reciproeii  virificalion. 


Flgiiri'  111  MsKhilude  Ilf  direrl  (Milid)  and  reiipro- 
cal  Idaskrd)  nipasurrinenis  of  ihe  ies|Minsr  from  .i  |ioini 
force  lu  internal  noise, 
aircraft. 

I'arlh  ular  care  in  llie  design  of  llir  horn  iiinsi  lie  paid  lo 
Ike  i|iialit.v  of  ike  seal  la-iivren  Ike  korn  and  ike  aircraft. 
I'ke  seal  usnl  inclniled  luiik  an  aluiiiinnm  skioud  Ikal  did 
not  iiailr  lunck  Ike  ..iractnre,  and  a  ttexilde  rubber  hose 
The  rubber  conlacU  Ihe  slruciurr.  Iiul  does  not  alter  Ike 
d.vnamirs  sulssianliallv  due  lo  iu  kigh  compliance,  kvm 
wilk  a  good  seal,  olker  elements  receive  subaianlial  noise, 
due  lu  bulk  leakage  from  ike  seal,  and  radialain  from  the 
skies  of  Ike  korn.  The  results  of  a  scan  of  ike  noise  on 
nearly  elrmenls  indiealetl  ikal  ike  total  foiee  applied  lu 
Ike  slruciurr  over  all  olker  elements  is  ruugki.v  one  ihlrd  of 
Ikal  applied  lu  ike  desiretl  element  Thus,  il  is  likely  Ikal 
Ike  eglranevais  raciialiun  from  the  horn  is  the  primary 
source  of  dtsereistncy  between  Ike  direr'l  and  reciprocal 
measuremrnis 

i  ttiieiitrurUy  VoriHcnttuii 

Several  raprrimrnis  were  perlormed  un  ihe  Dash  U  luse^ 
tage  lu  verily  ikal  Ike  stsiem  ubeyetl  teeiprucily,  and  ikal 
Ike  r<|uipmrul  Used  provided  Ike  desired  tiekavumr  and 
dul  not  ilseff  aliet  ike  transfer  funciions  being  measured. 
.\  lypkal  cumparisMU  of  ike  diivel  sad  resiprocal  Itans- 
bs  luucliuns  in  la(ualiou  |J|  is  given  in  Figure  11.  I  kesc 
data  were  ubiaineil  using  a  skakrr  and  kiad  celt  lu  fort  e 
ikeealerual  surface  al  a  single  puinl.  and  an  accelerome 
ivr  lo  measure  ike  surface  muliun.  The  leiiprucal  transfer 
lunciiun  use<|  ibe  dodnakedruu  iulerual  noise  source  f  be 
puinl  rei-iprurily  lest  terihes  ikal  Ike  eibnsacouslk  sys- 
ivm  la  indeed  rtsipmeal.  and  also  verlkes  ikr  uperalion  ol 
Ibe  tnletnal  nMse  source 


21-7 


Flguro  12!  Element  tcciprocily  vetification,  near  lo- 
caliun.  Direct  traiiafer  function  (solid)  an<l  teripro- 
cal  (dashed).  Doth  inagnilude  and  phase  arti  slmwn. 

Results  comparing  the  transfer  function  between  external 
pressure  excited  by  the  horn  and  internal  pressure,  anti 
between  internal  volume  velocity  generatetl  by  the  dodw. 
aheilron  source  anil  the  external  surface  vibration  mea¬ 
sured  by  the  capacitance  probe  ate  shown  in  Figure  I'd. 
The  magnitude  and  phase  is  shown  for  an  interior  loca¬ 
tion  close  to  the  excitation  |<uint.  Excellent  agreement 
is  obtaimal.  Note  that  while  it  is  only  the  magnitude  of 
the  final  prediction  p.  that  is  imporlanl.  the  phases  of 
the  transfer  functions  that  are  used  to  make  this  estimate 
are  eritiral  in  order  to  cotrectly  |ierfurin  the  sum  in  Ei|ua- 
lion  (d).  Furthermore,  the  gooil  phase  agreement  provides 
additional  verificalmn  of  the  accuracy  of  reciprocity. 

0  Senii  Rdniilta 

O.l  PriKmtiuro 

I'wo  dotlecahnlton  noise  siturces  were  localeil  in  the  fuse¬ 
lage  interior:  one  near  the  peak  of  the  |Hirl  pri>pr||er  pres- 
sure  field,  and  a  second  on  the  starboard  swlr  of  the  air- 
ciafl  approximately  one  propeller  diamelrr  aft.  Hucb  iii- 
lerioi  poii'ts  were  at  the  head  height  of  a  st-ateil  passen¬ 
ger.  The  capacitance  prol>e  was  then  used  to  measure  the 
itauslei  I'unclion  from  the  internal  volume  vehuily  gener- 
steil  by  each  dodecahedron  to  the  fuselage  volume  vtkK'ily 
on  4110  of  the  external  scan  elements. 

Only  thee  elemrnis  on  which  the  applied  propeller  pres¬ 
sure  .field  was  Wilkin  approximately  lit  dll  of  llie  peak 
ptessutc  were  scanned.  The  itropeller  pressure  iuformatiou 
used  was  obtained  {torn  the  propeller  manufnclurer.  and 
is  based  on  a  free  field  (ttodel  evaluated  at  ifie  surlare  of 
tile  aircrall  fuselage,  .\s  a  result,  llie  predk'led  pressures 
will  be  cocservative.  siutv  ifie  miubd  dues  not  lake  into  ae- 


Figure  13:  Propeller  pressure  field  magnitude,  dB  with 
respect  to  peak,  on  port  side  of  aircraft,  IxBPF.  The 
area  under  the  wing-box  shroud  is  left  blank.  Elements 
shown  dotted  were  not  .scanned, 
count  either  the  reflected  field  nor  any  otlier  installation 
effects.  This  footprint  information  is  shown  superimposed 
on  a  “map"  of  the  scan  elements,  in  Figure  13.  The  cen¬ 
tre  of  the  distribution  is  higher  on  the  aircraft  on  the  port 
side  (where  the  propeller  tips  are  downsweeping)  than  on 
the  starboard  side.  ']'hc  peak  pressure  is  also  higher  on 
the  port  side.  The  spatial  ilrop  off  of  the  pressure  from 
the  peak  is  far  mure  rapid  at  higher  liarmonics,  and  hence 
it  is  the  distribution  at  the  blade  passage  fte<|iiency  that 
determines  which  elements  need  to  be  scanned. 

A  few  elements  could  not  be  scanned  due  to  surfaci^  pro¬ 
trusions  either  in  that  element,  or  in  adjacent  elements  on 
which  the  scanner  (eel  lie.  This  proldem  could  be  allevi- 
ate<l  if  the  offset  was  determined  and  maintained  baseil  on 
the  aetnal  offset  of  the  plate,  rather  than  on  the  offset  of 
the  feet. 

The  aircraft  ciuss-seclioii  in  Figure  i  is  drawn  to  scale;  it 
is  important  to  note  llial  the  radius  of  curvature  of  the 
aircraft  is  not  constant.  The  offset  of  the  scanner  hail  to 
Iw  im)lvidu,vlly  adjusted  for  three  tows  of  elements  near 
the  floor  on  .either  side,  where  the  radius  of  curvature  is 
only  Jir,  ascomparexi  with  ,13“  almve  this,  ami  1)2“  below. 

0.3  IiilnriMl  Nolao  Prmllctluim 

The  intormallon  colltx  led  for  each  scan  element  can  be 
combinetl  with  the  ptu|>eller  pressure  field  information  to 
predict  the  internal  noise  at  Ike  dtulecahetlrun  noise  source 
tocalkms.  Once  the  aconned  data  are  available,  any  num¬ 
ber  of  prvwaure  cases  can  be  considereil.  The  res|mnse  was 
computed  tor  both  the  blade  passage  (retiuency  and  the 
next  barmonir  for  two  engine  speeds. 

Klemeuls  tor  which  no  data  were  availabb'  due  to  the  wing 
shroud  were  ignoretl;  it  is  assutuetl  that  there  la  little  Iraus- 
miasion  through  Ike  extra  skin  la.vet.  Elements  fur  which 
suu  data  were  avallahlr  due  to  a  problem  in  scanning  the 
element  were  rrcoKstrucled  baaed  on  the  average  over  ex 
isilug  neighbouring  ekmenta. 

I'lH  enrh  case,  the  internal  noise  that  would  have  resulteil 
had  Ike  dklurbance  Ireiiuenry  differed  by  a  few  percent 
was  computed.  Fhe  scanned  data  were  used  at  different 
trequencieu  in  addition  to  that  desired,  however,  the  ef- 
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Flgui’C  14:  Normalized  iiilcrnal  noise  prediction  at  loca¬ 
tion  1  (solid)  and  location  2  (dashed).  At  IxBPF  (up¬ 
per)  and  2xBPF  (lower).  The  frequency  of  inl.rest  is 
shown  by  the  dotted  line. 
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■JxBPF 

near  far 

near  far 

lo'vcr  rpm 

2.1  —1.9 

2.7  -15 

higher  rpm 

0.0  2.1 

-2.3  -3.0 

Table  It  Average  predicted  internal  noise  levels  for  differ¬ 
ent  engine  rpm.  at  I  and  2xBPF,  and  at  a  near  internal 
point  and  a  fat  one.  dfl(A)  with  respect  to  the  IxBPF 
response  at  the  near  location  for  the  higher  rpni 


Figure  16:  Normalized  internal  noise  prediction  using 
fewer  elements.  Using  all  information  (solid),  only  those 
elements  with  ..t  least  15  dB  below  the  peak  pre.ssnre 
o:i  ;‘em  (dashed),  only  elements  with  10  dB  (dash-dot) 
an,*  .inly  those  with  7  5  dB  (dotted).  Data  is  for  loca- 
tior  1,  at  IxUPF  (upper)  and  2xBPF  (lower). 
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fects  of  the  fteiinency  variation  on  the  loailing  distribution 
were  not  accounted  for.  The  reasons  for  incimlin.g  addi¬ 
tional  scanned  data  are  twofold.  First,  errors  in  the  data 
at  a  single  frequency  woiihl  produce  poor  predictions  at 
that  frrrpiency.  This  is  particularly  important  near  60  Hz, 
where  electrical  noise  affects  the  resiills.  Second,  the  vari¬ 
ation  in  interrai  noise  over  nearby  frequencies  is  indieative 
III  the  variation  that  could  be  expected  between  aircraft 
or  between  different  operating  conditions.  Modal  frequen¬ 
cies  are  likely  to  vary  by  several  percent,  and  therefore,  the 
variation  in  the  response  of  a  single  aircraft  over  a  simitar 
frequency  range  is  representative  of  the  variation  in  re- 
s|H>nM^  that  may  be  observed  between  aircraft.  Hence,  the 
average  response  over  neighbouring  frequencies  is  a  better 
preilictinn  of  the  internal  noise  than  the  prediction  at  only 
the  desired  fretpiency. 

Figure  M  shows  the  internal  noise  prerlicted  fur  the  higher 
of  the  two  engine  rpm  cases  considered,  for  a  range  of  fre¬ 
quencies  about  the  blade  passage  frequency  (UPF)  and 
.'xlll'F.  File  magnitude  is  normaliied  by  the  average  re- 
s(Hinse  at  the  first  location.  The  prediction  varies  by  as 
much  as  It)  dlf  from  the  average  values,  which  are  shown 
ill  fable  I.  The  average  levebi  were  lumputeil  with  a  tri- 
angular  weighting  on  the  nearby  frequency  points,  and  are 
consistent  with  those  measiireil  for  these  hsrmuiiics  on  ai> 
tual  aircraft  in  flight.  The  specihe  entries  in  this  table  are 
nut  as  important  as  the  nbiierved  trends.  On  average,  the 
nuist  at  the  near  Iwalion  was  4.2  ilHA  higher  than  that 
at  the  far  location.  The  response  at  the  blade  passage 
ItetiUrncy  was  2  T  dUA  higher  than  that  at  the  next  har- 
Hiunic.  And  the  response  at  higher  engine  rpm  was  on 
average  U.*t  dBA  higher  than  at  the  lower  s|'e«^. 


T^blo  3l  (Change  in  predicted  noise  using  fewer  elements, 
or  particular  interest  is  the  number  of  elements  that  must 
be  scanned  to  develop  an  adequate  noise  prediction.  'Flic 
effort  involved  could  be  greatly  reduced  i(  fewer  elements 
were  required.  The  noise  preilirtion  in  Figure  14  used  all 
of  the  transmission  and  pressure  informatior.  available  on 
the  aircraft,  (or  a  total  ol  4.51)  elements.  For  one  of  the  pro¬ 
peller  pressure  cases.  Figure  15  shows  the  same  prediction 
using  only  those  elements  on  which  the  pressure  field  was 
highest,  (‘nrves  are  shown  for  the  cases  in  which  those 
elements  that  ri-ceived  less  than  15  dll  below  the  peak 
pressure  were  dropped,  less  than  III  ilH,  and  less  than 
T..5  dll.  The  number  of  elements  used,  and  the  change 
in  the  average  noise  predicted  (or  these  cases  ate  shown 
in  Table  2.  In  gen.-ral,  the  reductiuii  in  elements  kept  to 
the  15  dB  level  does  nut  sulwtantially  alter  the  prediction. 
Some  degradatini.  occurs  at  the  ID  dB  level,  and  with  a 
further  reduction  in  elements,  the  prediction  quality  suf¬ 
fers  further.  This  table  implies  that  (ewer  elements  than 
the  total  used  herein  could  be  scannetl.  while  still  pro¬ 
viding  an  adequate  prediction.  Furthermore,  even  with 
the  least  number  of  elements  considered,  the  trends  in  the 
data  are  still  noticeable.  Thus  to  establish  how  much  re¬ 
duction  has  Imen  obtained  by  a  particular  noise  reduction 
scheme,  a  small  number  u(  elements  may  Ire  adequate. 

7  CoucliisioiiH 

Vaiit-tts  approaches  to  cabin  noise  reduction  have  been 
cunsrdervd  nt  dellaviUnnd  Inc.  All  of  the  approaches  have 
drawbacks,  however,  a  vibru-aruustic  approach  involving 
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structural  actuators  holds  promise. 

A  reciprocal  technique  was  used  to  measure  the  noise 
transmission  characteristics  of  an  aircraft  fuselage.  This 
approach  can  be  used  for  validating  computer  models,  or 
for  evaluating  noise  reduction  methods.  The  fuselage  was 
.livided  into  a  number  of  scan  elements,  and  the  transfer 
function  between  interior  noise  and  the  response  on  each 
element  was  combined  with  a  specified  external  propeller 
pressure  field  to  predict  the  interior  noise  at  specified  lo¬ 
cations.  The  approach  u.ses  a  monopole  noise  source  in¬ 
side  the  aircraft,  and  a  capacitance  probe  to  measure  the 
fuselage  surface  response.  The  approach  was  validated 
by  comparing  the  direct  transfer  function  for  one  ele.-nent 
with  the  reciprocal  measurement.  Excellent  agreement  be¬ 
tween  these  measurements  was  obtained. 

The  total  time  taken  to  perform  the  scan  could  be  reduced 
by  reducing  the  number  of  elements  used.  A  reasonable 
prediction  of  internal  noise  is  obtained  if  only  those  exter¬ 
nal  elements  on  which  the  propeller  pressure  field  is  within 
10  dB  of  the  peak  ate  measured.  Further  improvements 
could  be  made  with  a  lighter  scanner  to  reduce  opera¬ 
tor  strain,  or  an  automated  system  for  moving  the  .scan¬ 
ner.  A  low  bandwidth  active  control  of  the  offset  distance 
would  also  reduce  the  requirements  on  the  operator,  and 
improve  accuracy.  The  <lata  also  indicate  that  the  probe 
used  herein  provided  Uiineccssaty  circumferential  resolu¬ 
tion,  however,  a  larger  probe  wouhl  have  been  unwieldy. 
Ailditional  noise  sources,  or  an  automated  approach  to 
moving  those  used,  would  be  useful  in  obtaining  noise  pre¬ 
dictions  throughout  the  cabin. 
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1  SUMMARY 

A  hign-frequency  theory  ( advanced  statistical  energy 
analysis  (  ASEA  ))  is  developed  which  takes  account  of 
the  mechanism  of  tunnelling  and  uses  a  ray  theory 
approach  to  track  the  power  flowing  around  a  plate  or  a 
beam  network  and  then  uses  statistical  energy  analysis 
( SEA )  to  take  care  of  any  residual  power.  ASEA 
divides  the  energy  of  each  sub-system  into  energy  that 
is  freely  available  for  transfer  to  other  sub-sy.stems  and 
energy  that  is  fixed  within  the  sub-system.  The  theory 
allows  for  coupling  between  sub-systems  that  are 
physically  separate  and  can  be  interpreted  as  a  scries  of 
mathematical  models,  the  first  of  which  is  identical  to 
standard  SEA  and  subsequent  higher  order  models  are 
convergent  on  an  accurate  prediction.  Using  a  structural 
assembly  of  six  rods  as  an  example,  ASEA  is  shown  to 
converge  onto  the  exact  results  whilst  SEA  is  .shown  to 
overpredict  by  up  to  60  dB. 

2  INTRODUCTION 

Statistical  energy  analysis  ( SEA )  has  been  succcsshiUy 
applied  to  many  noise  and  vibration  problems.  In 
particular  SEA  has  become  very  useflil  as  a  ftamework 
for  interpreting  a  vibro-acoastic  data  base.  SEA  often 
leads  to  a  better  understanding  of  the  problem  and  SEA 
can  point  the  way  to  practical  solutions.  However  when 
used  as  a  purely  predictive  theory,  without  the  recourse 
to  measured  data,  SEA  has  not  been  universally 
suocessftil.  Nevertheless  in  some  cases  it  has  been  very 
successful,  for  example  when  used  to  model  the 
interaction  between  the  noise  in  a  room  and  its  vibrating 
walls,  but  when  applied  to  complex  structural  assemblies 
SEA  predictions  have  often  exhibited  errors.  These 
errors  have  been  thought  due  to  the  fUct  that  plates  and 
beams  are  usually  strongly  coupled  and  one  of  the 
assumptions  within  standard  SEA  theory  (see,  for 
example  Lyon' )  is  that  all  couplings  are  weak. 
However.  Keane  and  Price’  conclude  that  this 
assumption  should  be  replaced  by  the  necessity  that  no 
individual  mode  within  a  given  sub-system  should 
dominate  the  overall  response  of  that  sub-system,  and 
this  requirement  can  be  met  WiAer  by  assuming  weak 
coupling  or  by  assuming  the  presence  of  many 
Interacling  modes.  Furthermore,  if  SEA  theory  is 
developed  using  the  wave  approach  rather  than  the 
modal  approach  this  weak  coupling  assumption  does  not 
appear  to  be  required  ( see,  for  example  Heron' ). 


In  this  paper  we  postulate  that  the  errors  that  sometimes 
occur  when  predictive  SEA  is  applied  to  complex 
structural  assemblies  are  mainly  due  to  an  as  yet 
un-modelled  power  transport  mechanism.  This 
‘tunnelling’  mechanism  conceptually  occurs  when  direct 
coupling  exists  between  two  SEA  sub-systems  that  are 
physically  separated  from  each  other  by  other  SEA 
sub-systems.  This  mechanism  of  indirect  coupling  must 
not  be  confused  with  the  power  transport  mechanism  by 
which  plate  in-plane  motion  can  couple  physically 
separate  bending  motions;  this  latter  phenomenon  is  fully 
modelled  by  existing  SEA  theory  provided  the  in-plane 
sub-systems  are  included  in  the  model. 

A  very  simple  form  of  tunnelling  is  associated  with  the 
non-resonant  acoustic  transmission  through  a  plate  and 
is  already  included  in  existing  SEA  theory  ( see,  for 
example.  Price  &  Crocker*;  Leppington  et.  ah' ). 
However  this  special  case  is  mainly  a  function  of  the 
change  in  the  dimension  between  the  plate  and  the 
adjacent  rooms  and  is  not  the  concern  of  this  paper. 

Standard  predictive  SEA  assumes  2cro  coupling  between 
the  end  plates  of,  for  example,  an  in-plane  assembly  of 
three  in-line  plates.  In  this  paper  we  develop  a  theory 
that  allows  for  all  sub-systems  to  be  coupM  to  each 
other.  Unlike  fbr  the  simpler  case  of  non-rcsonant 
acoustic  transmission  through  a  plate,  we  would 
intuitively  expect  this  new  theory  to  produce  coupling 
loss  fketors  that  are  not  only  a  function  of  the  power 
transmission  coefflcicms  across  the  various  intervening 
line  junctions,  but  are  also  dependent  on  the  geometry 
and  damping  of  the  Intervening  plates. 

In  the  following  sections  this  theory  Is  developed  both 
for  beam  and  plate  networks  and  for  wont  of  a  belter 
name  we  will  subsequent  refer  to  this  theory  as  advanced 
SEA  or  simply  ASEA .  FUndamenUilly  It  uses  a  ray 
theory  ipproKh  to  track  the  power  flowing  around  the 
network  and  then  uses  standart  SEA  to  take  care  of  any 
residual  power. 

3  FREE  AND  FIXED  ENERGY 
Now  all  deterministic  theories  ( modal  analytic,  FEM, 
etc. )  use  field  variables  such  as  displaoemcni  and 
pressure  and  they  must  therefore  include  phase  In  the 
model,  and  the  very  cisena  of  a  high  fkeqiwncy  model 
is  the  simpliflcatlon  associaied  with  Ignoring  these  phase 
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effects.  It  is  not  just  the  need  for  computational 
efficiency  which  drives  us  to  this  assumption  but  as 
Hodges  &  Woodhouse*  point  out  as  we  move  to  higher 
frequencies  any  detetministic  approach  becomes 
increasingly  sensitive  to  the  details  of  the  physical 
structure  under  investigation,  to  such  an  extent  that  the 
results  will  be  influenced  by  the  deviations  from  the 
ideal  design  which  inevitably  occur  in  construction  and 
such  deviations  are  unknown.  Thus  all  such  deterministic 
approiiches  ate  rejected  in  this  paper  without  further 
consideration;  power  accounting  and  the  use  of  the 
sub-system  energies  as  the  field  variables  are  the 
mainstays  of  SEA,  and  ASEA  will  be  developed  using 
the  same  philosophy. 

The  tunnelling  phenomenon  that  we  are  attempting  to 
model  is  associated  with  the  transport  of  power,  Grom 
sub-system  1  to  sub-system  3  via  an  intervening 
sub-system  2  without  at  the  same  time  inducing  any 
increase  in  the  'free  energy’  of  the  intervening 
sub-system,  and  we  must  now  consider  what  we  mean 
by  free  energy. 

With  free  energy  wc  mean  that  part  of  the  total 
sub-system  energy  that  is  available  for  transport  to  other 
sub-systems.  In  standard  SEA  all  sub-system  energy  is 
free  energy.  Convenely  the  fixed  energy  of  a  sub-system 
is  that  part  of  the  total  sub-system  energy  that  is  not 
available  for  transport  to  other  sub-systems.  This 
postulate  that  the  total  energy  of  a  SEA  sub-system  can 
be  partitioned  into  a  free  and  a  fixed  part  Ls  fundamental 
to  ASEA  theory. 

Returning  to  the  three  tn-linc  plate  assembly  example, 
wc  can  now  consider  the  following  power  flow 
mechanism.  Free  power  associated  with  the  free  energy 
of  sub-system  I  strikes  the  line  junction  between  plate  I 
and  plate  2,  this  causes  some  power  to  transmit  into 
plate  2  and  as  this  power  transports  across  plate  2  it  will 
decrease  in  magnitude  due  to  the  damping  mechanisms 
of  plate  2.  It  is  this  loss  of  power  that  is  self  evidently 
not  available  for  further  transport  duties  and  must  be 
accounted  for  by  a  fixed  energy  field  within  plate  2  . 
Finally  some  pan  of  this  transponed  power  will  strike 
the  line  Junction  between  plates  2  and  .3  where  it  will 
cause  power  injection  into  plate  3,  and  at  this  level  of 
complexity  such  power  will  feed  into  the  energy 
neM  of  plaie  3. 

4  SEA  BASICS 

Firstly  we  will  find  that  it  is  helpfdl  to  rewrite  the 
standard  SEA  matrix  equatkm  in  a  more  convcnieni  form 
for  subsequent  extension  to  ASEA  such  that 


At  -  P-Mt  (•) 


where  e  is  a  column  vector  of  SEA  modal  energies,  P  is 
a  column  vector  of  input  powers,  Af  is  a  diagonal  matrix 
of  modal  overlap  factors,  and  A  is  a  matrix  of  coupling 
loss  factors.  That  is 


Wj,  »  m  n,i1i  (2) 

where  m  is  the  frequency,  n,  is  the  modal  density  of 
sub-system  i  and  q,  is  the  energy  loss  faoor  for 
sub-system  i;  furthermore  for  a  three  sub-system  model 
A  is  given  by 


(U 


-"i’ll! 


-njTiy  fijtij, 


(3) 


where  is  the  usual  SEA  coupling  loss  factor. 

Of  course  the  more  usual  SEA  matrix  equation  can  be 
recovered  by  combining  the  A  and  the  Af  matrices  in  (Ij. 
The  reason  for  the  above  formulation  will  become 
apparent  as  we  develop  ASEA  theory,  but  for  now  it  is 
worth  noting  that  each  of  the  three  terms  in  (1)  now 
have  a  clear  physical  meaning;  the  left  hand  side  term 
incorporates  all  the  power  transport  and  coupling  effects 
and  the  two  right  hand  side  terms  model  all  the  power 
sources  and  all  the  power  sinks  respectively. 

Furthermore,  if  all  the  equations  in  (1)  arc  added 
together  we  have,  by  power  balance,  that  the  sum  of  all 
the  right  hand  side  terms  is  zero,  and  this  is  true  for  all 
possible  P  and  thus  for  all  possible  e.  Hence  each 
Individual  column  of  A  must  always  sum  to  zero,  which 
is  of  course  a  trivial  deduction  ftom  SEA.  Indeed, 
assuming  SEA  reciprocity,  A  is  a  symmetric  matrix  and 
thus  each  individual  row  of  A  must  also  sum  to  zero. 
However,  It  is  Important  to  note  that  this  row  sum  rule 
is  a  consequence  of  power  balance  onrf  SEA  reciprocity 
whereas  the  column  sum  rule  is  solely  a  consequence  of 
the  much  more  ftindamental  requirement  of  power 
balance. 


S  ASEA  BASICS 

In  developing  ASEA  theory  we  will,  as  described  above, 
split  the  total  energy  field  within  each  sub-aystem  into 
two  parts,  a  firee  energy  field  with  a  modal  energy  of  e, 
and  a  fixed  energy  field  with  an  'equivalent'  modal 
energy  ofrf.  The  term  'modal  energy*  la  used  becauae  of 
iu  historic  link  with  claaaical  SEA  theory,  however  the 
reader  might  find  it  easier  to  think  of  the  modal  energy 
as  a  measure  of  the  energy  denstly  of  a  sub-system  with 
which  it  is  closely  relaied  for  sub-systems  made  up  of 
simple  boams.  plates  or  rooms. 


f 


!  I 


Using  the  column  vectofs  e  and  d  as  the  field  variables, 
ASEA  can  be  encapsulated  by  the  following  two  matrix 
equations 


Ae 

free  power 
to  free 
power 
transfer 


P 

free  power 
input 


Me 

free  power 
lost 


(4) 


Be  •  Q  -  Md 
free  power  fixed  power  fixed  power 
to  fixed  input  lost 

power 
transfer 

and  in  order  to  better  understand  these  equations  we 
have  attached  a  physical  description  to  each  of  the  terms. 
The  above  equations  form  the  basis  for  ASEA  theory 
and  this  paper  is  mainly  concerned  with  the  calculation 
procedure  for  the  A  and  the  B  matrices. 

It  may  be  thought  that  the  somewhat  arbitrary  use  of  A/ 
in  the  second  equation  involves  an  assumption  but  this 
is  not  so  since  we  have  yet  to  specify  the  precise 
defini'  jn  of  £  and  and  the  requirement  to  conform 
with  equation  (S)  creates  those  definitions. 

Once  A.  £,  P  and  Q  are  known  the  responses  can  be 
calculated  from  e  -r  <f,  using  exactly  the  same  procedures 
that  we  currently  use  when  calculating  SEA  responses 
from  e.  It  should  be  noted  that  the  A  matrix  of  ASEA 
theory  Is  not  the  same  as  the  A  matrix  of  standard  SEA 
theoty. 


Ftom  equations  (4)  and  (5),  e  *d  given  by 


where 


(«) 


(7) 


(W*A)(W-fl)“M(e»d)  -P 


(8) 
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Now  for  the  classical  exciiatlon  of  ‘rain  on  the  roof  Q 
is  zero,  and  with  this  simpUflcatlan  equation  (6)  can  be 
rewritten  as 


and  this  equation  can  be  considered  to  be  the 
‘equivalent*  standard  SEA  matrix  equation  such  that  if 


A_e_  -  P 


(9) 


then 


and 


A  » (M+A)(W-B)''Af 


e_  •  e*d 


(11) 


Finally  by  applying  the  same  power  balancing  argument 
of  Section  4  we  can  easily  deduce  the  important  property 
that  each  individual  column  ofA  *B  must  always  sum 
to  zero. 

6  ASEA  AND  BEAM  NETWORKS 

In  a  beam  network  each  beam  will  consists  of  four 
sub-systems  associated  with  its  two  bending  wavetypes, 
its  comprcssional  wavetype  and  its  torsional  wavelype. 
In  this  Section,  for  clarity  of  presentation,  we  will  only 
consider  a  network  of  rods  with  each  rod  having  only 
one  wavetype.  Provided  we  allow  for  this  one  wavetype 
to  be  conceptually  of  any  type,  for  example  by  not 
assuming  that  the  group  velocity  is  equal  to  the  phase 
velocity,  then  the  extension  to  a  beam  network  is 
straightforward. 

Consider  now  the  free  energy  field  of  rod ;,  represented 
by  its  modal  energy  e,.  Then  the  total  free  energy  of  this 
rod,  Ef,  is  given  by 


E, 


(12) 


and  the  energy  density  of  this  fVec  energy  is  £y  divided 
by  Lj,  where  Lj  is  the  length  of  rod  >.  Now  by  assuming 
that  this  energy  field  is  made  up  of  equal  amounts  of 
incoherent  power,  P,,  flowing  both  Dorn  left  to  right  and 
fhxs  right  to  leit  along  the  rod  ( equivalent  to  the 
random  incidence  assumption  in  two*  and  throe* 
dimensional  sub-systems )  wo  have 


£,  2P, 


(13) 


where  is  the  group  velocity  of  rod 
Furthermore  since  for  all  one  dimensional  sub-systems 
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(14) 


'a 

2]io)  n. 


(18) 


we  can  combine  equation  (12)  and  equation  (13)  to 
obtain  the  standard  SEA  result  that 


exp 


(O  Tlji, 


xp(-n3/,) 


(19) 


(15) 


where  Mj  is  the  modal  overlap  factor  of  rod  i.  Thus 


Thus  for  unit  modal  energy  the  power  available  at  each 
end  of  rod  j,  say,  for  potential  transportation  to  the 
other  rods,  is  simply  l/2n. 

We  can  now  proceed  with  the  calculation  of  the 
elements  of  the  matrices  A  and  B.  Initially  all  these  are 
set  to  zero  and  the  calculation  is  based  on  using  the 
elements  of  these  matrices  as  accumulators.  We  start  by 
talcing  a  particular  end  of  a  particular  rod  and  ultimately 
repeat  the  calculation  for  both  ends  of  every  rod. 

The  power  available  per  unit  modal  energy  at  this 
particular  end  of  rod  j  will  conceptually  be  all 
transferred  from  rod  j,  and  thus  P^  must  now  be  added 
to  element  (j  ,j)o(  matrix  A;  add  rather  than  subtract 
because  the  transfer  terms  have  been  conventionally 
placed  on  the  led  hand  side  of  equation  (4)  and  equaticMi 
(5). 

Now  we  take  this  available  power,  P^  say,  and  multiply 
it  by  the  appropriate  transmission  or  renectlon 
coefficient.  This  is  then  the  power  at  tlie  connected  end 
of  a  particular  receiving  rod,  rod  i  say,  and  this  power  is 
now  ready  for  transportation  across  this  rod;  rod  /  can  be 
the  same  rod  as  rod  )  to  take  care  of  the  reflected  wave 
and  indeed  the  following  calculations  must  be  performed 
for  all  rods  connected  to  the  chosen  end  of  rod  j 
including  rod  j  itself.  This  start  power,  P^  say,  la 
thusglven  by 

I'.i 

where  Xij  is  the  power  transmission  coefficient  for  power 
flowing  dom  rod  )  to  rod  /. 

It  is  worth  keeping  in  mind  at  this  point  the  standard 
SEA  theory  which  would  proceed  in  the  following 
manner 

and  thus 

Returning  to  ASEA  theory,  power  will  fkw  aoroie  rod 
f  end  will  decay  as  It  docs  so  with  the  uponential  fhetor 


P^.  •  exp(-nA/,)P,,  (20) 

where  P^  is  the  power  striking  the  far  end  of  rod  i.  The 
power  lost  during  this  crossing,  P^  say,  is  given  by 

P,  •  P  -P  (21) 

This  lost  power  must  now  be  subtracted  from  element 
( I ,  j )  of  matrix  B-,  matrix  B  rather  than  matrix  A  since 
this  power  is  self  evidently  unavailable  for  further 
transport  duties.  On  the  other  hand  P^  is  available  for 
further  transport  duties,  and  indeed  we  can  continue  the 
calculation  fiom  equation  (16)  using  P^  rather  than 
Of  course  within  this  cycle  of  the  calculation  we  can 
only  modify  column  j  of  either  matrix  A  or  matrix  B 
since  all  of  the  initial  available  power  comes  from  rod 
This  whole  process  can  be  stopped  at  any  stage  and 
having  stopp^  any  remaining  power,  P^  say,  must  then 
be  subtracted  from  element  (/,;')  of  matrix  A.  This 
latter  step  is  cssenlial  to  maintain  power  balance  and 
conceptually  uses  a  standard  SEA  approach  to  sweep  up 
and  account  for  the  residual  power  It  also  ensures 
that  all  the  columns  of  A  4-  0  sum  to  zero  as  required  by 
power  balance. 

7  ASEA  AND  PLATE  NETWORKS 
The  above  theory  can  be  extended  to  plate  networks 
although  Its  actual  imptemenlatlon  could  well  turn  out  to 
be  computationally  expensive,  as  compared  to  standard 
SEA.  However,  ASEA  plate  theory  will  hopefUUy 
guarantee  an  accurate  prediction  and  the  fact  that  It  may 
not  become  a  practical  tool  because  of  the  computational 
load  should  not  deter  us  Dorn  its  development.  Its  use  as 
a  tool  for  the  validation  of  more  approximate  theories  is 
very  important  since  currently  no  accurate  high 
fhx|uency  theory  exists  for  general  struttural  assemblies. 

Whereas  with  rods  we  calculated  the  A  and  the  0 
matrices  by  starting  with  a  particular  end  of  a  particular 
rod  and  with  beams  we  would  start  with  a  particular  end 
of  a  panicular  beam  and  with  a  particular  wavetype, 
with  plates  we  must  start  with  a  particular  edge  of  a 
particulv  plate  and  not  only  with  a  particular  wavetype 
but  also  with  a  particular  inddenoe  angle  at  the  dioaen 
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edge.  In  standard  SEA  the  eventual  integral  over  all 
angles  of  incidence  is  carried  out  implicitly  within  the 
model  such  that  the  formula  for  an  SEA  plate  to  plate 
coupling  loss  factor  is  a  function  of  the  random 
inci^nce  transmission  coeffldent  as  given  below  in 
equation  (27) .  In  ASEA  we  can  only  perform  the 
integral  over  all  possible  angles  of  incidence,  180 
degrees,  at  the  end  of  the  A  and  0  calculation;  although 
by  converting  this  integral  into  a  suitably  weighted  sum 
we  can  easily  incorporate  it  into  the  calculation 
procedure.  Unfortunately  line  junction  transmission 
ooefTicients  tend  to  vary  a  lot  with  angle  of  incidence 
due  mainly  to  the  complex  interaction  effects  of  the 
various  wavetypes  and  it  is  often  necessary  to  perform 
these  calculations  over  many  angles  of  incidence: 
typically  at  every  integer  degree. 

For  a  random  diffuse  energy  field  in  sub-system  j  of  a 
plate  the  intensity,  Ij  say.  is  given  by 


= 


2x^(0  n, 


(27) 


where  the  random  incidence  transmission  coefficient 
given  by 


Returning  to  ASEA  theory,  geometric  calculations  must 
now  be  made  in  order  to  track  the  wave  as  it  is 
transported  across  sub-system  i.  This  can  result  in  more 
than  one  edge  of  the  plate  supporting  sub-system  i  being 
illuminated  and  furthermore  an  illuminated  edge  need 
not  be  illuminated  along  its  entire  length;  both  of  these 
effects  must  be  calculated. 


/  . 

‘  IT 


(22) 


where  kj  and  tj  arc  the  wavenumber  and  modal  energy 
respectively  of  the  wavetype  associated  with  sub-system 
j.  Tile  power  per  unit  modal  energy  striking  an  edge  of 
length  f.  at  a  grazing  angle  of  Incidence  is  thus 


_  UjSln^ 


(23) 


and  as  before  this  must  now  be  added  to  element  (j  .j) 
of  matrix  A. 


The  damping  factor,  equivalent  to  the  factor  e""  of 
equation  (19),  is  also  more  complicated  here.  Different 
parts  of  the  wave  will  travel  different  distances,  however 
for  polygon  shaped  plates  a  damping  factor  averaged 
over  all  possible  path  lengths  between  two  edges  can  be 
used  and  this  is  given  by 


where 


ak-bK 


(29) 


(30) 


We  set 


(24) 


however  is  now  a  Amctlon  of  fy  and  the  tranimitted 
wave  angle  has  to  be  calculated  using  trace  wavenumber 
matching  such  that 


and  where  n  and  b  are  the  maximum  and  minimum  path 
lengths. 


Finally 


(31) 


*<«»(♦()  ■  *y«»W 


(25) 


Again  at  this  point  it  is  worth  keeping  in  mind  the 
standard  SEA  theory  which  for  plates  proceeds  as 
follows 


and 


(32) 


and  Is  subtracted  ffom  element  ( f ,  > )  of  matrix  B  as 
before. 


(Uttytlyy  -J|-'j*/».ydby  (36) 


S  COMPARISON  WITH  ANALYTICAL 
RESULTS 


and  thus 


ASEA  produces  a  diffoient  result  dependent  on  the 
number  of  transfers  of  power  acnas  a  subsystem  that 
we  are  modelling.  This  number  which  is  also  one  less 
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than  the  number  of  juMions  crossed  we  will  call  the 
ASEA  level  number,  and  with  a  level  number  of  zero 
ASEA  always  produces  results  identical  to  standard  SEA 
since  both  B  and  d  are  then  zero.  Advanced  SEA  can 
thus  be  thought  of  as  a  series  of  approximations, 

ASEA,(«  SEA),  ASEA,,  ...  (33) 

with  the  expectation  that  this  series  converges  on  the 
required  result. 

It  is  important  to  understand  why  we  have  this  clear 
expectation  that  if  the  series  (33)  converges  at  all  it  must 
converge  onto  the  'correct'  result;  correct  in  the  sense  of 
giving  the  best  high  frequency  result  possible. 

Consider  the  calculation  procedure  for  ASEA  with  a 
very  large  level  number;  the  level  number  chosen  to  be 
so  large  as  to  cause  the  A  matrix  to  be  effectively  zero. 
Then  the  ASEA  calculation  procedure  is  nothing  more 
than  ray  tracing  with  all  phase  related  effects  ignored,  or 
in  other  words  simple  power  flow  analysis.  But  unless 
we  wish  to  encroach  on  the  low  frequency  deterministic 
domain,  any  high  frequency  theory  must  at  least  make 
the  assumption,  explicitly  or  implicitly,  that  all  phase 
effects  be  ignored.  Now  with  this  assumption,  and  this 
assumption  alone,  we  can  deduce  ASEA  for  an  infinite 
level  number.  ( Self  evidently  this  would  also  be  true  for 
a  simple  power  flow  analysis,  the  subtle  difference  is 
that  ASEA  hopefUlly  converges  much  faster  due  to  the 
different  treatment  of  the  'remainder*  terms,  which  arc 
ignored  in  a  simple  power  flow  analysis  but  are  injected 
into  a  SEA  procedure  whose  results  arc  added  to  the 
truncated  power  flow  analysis  during  an  ASEA 
calculation. )  Thus  we  fully  expect  that,  if  ASEA 
converges  at  all,  and  If  an  accurate  high  ffoquency 
theory  exists  at  alL  ASEA  will  converge  onto  the  best 
theoretical  result  possible. 

To  show  this  convergence  for  a  particular  case  we  have 
chosen  a  very  simple  assembly  consisting  of  six  different 
rods  all  in  a  line.  In  principle  an  assembly  of  plates 
could  equally  well  have  been  chosen,  however  exact 
results  are  extremely  difficult  to  compute  for  plate 
assemblies  at  high  (fluencies  and  thus  we  hove  chosen 
an  assembly  of  rods.  Ihe  inline  configuration  has  been 
delibenlely  chosen  to  highlight  the  errors  in  a  simple 
SEA  calculation  and  the  subsequent  correction  of  these 
errors  by  ASEA.  The  inability  of  SEA  to  predict  such  a 
contrived  oonflguratlon  Is  imderstondtiblo  and  don  not 
detract  flrom  the  usefulness  of  SEA  when  applied  to 
more  realistic  structures,  but  It  should  be  considered  as 
a  warning  that  the  accuracy  of  SEA  Is  structure 
dependent. 

The  onupliiig  between  Ihe  tods  is  such  that  oonoeplually 
the  whole  structure  could  be  made  liom  a  single  piece  of 


material  with  the  far  ends  of  the  chain  left  unsupported 
or  free.  Ihe  rod  material  is  such  that  its  longitudinal 
pthase,  or  group,  velocity  is  5000  m  s'*.  The  six  rods  are 
of  lengths  23  ,  28 , 25 , 24  ,  29  and  21  m  and  their 
cross-sectional  areas  are  such  that  their  mass  per  unit 
lengths  are  1 , 10 , 3 , 7 , 8  and  2  kg  m  '  respectively. 
An  energy  damping  value  of  2%  was  chosen  for  the 
SEA  modelling  and  viscous  damping  with  an  equivalent 
critical  damping  ratio  of  0.01  chosen  for  the  exact 
model.  The  structure  was  always  driven  with  a  unit  force 
on  the  first  rod. 

The  exact  results  were  calculated  by  Keane^'  and  form 
a  full  deterministic  analysis  for  point  excitation,  they  are 
based  on  calculating  the  power  flow  across  the  assumed 
point  connections  between  the  rods  for  a  given  unit  point 
force  excitation  on  the  drive  rod.  These  response  data 
were  then  numerically  averaged  over  all  excitation 
positions  on  the  drive  rod,  rod  1,  and  over  all 
frequencies  within  the  chosen  frequency  bindwidth  of 
50112. 

Figures  1, 2, 3  and  4  show  Ihe  results  for  the  averaged 
response  on  Ihe  four  rods  furthest  from  the  drive  rod;  the 
results  for  rods  1  and  2  are  not  shown  because  SEA  and 
alt  levels  of  ASEA  lie  very  close  to  Ihe  exact  results  for 
these  tods.  All  the  displayed  responses  have  been 
normalised  to  unit  mean  square  response  velocity  at  the 
drive  point  on  rod  1. 

As  can  be  seen  SEA,  or  equivalently  ASEA*  is  not  an 
adequate  model  at  the  higher  firequenciea;  at  10  kHz 
SEA  over  predicts  the  responae  of  Rod  6  by  over  80  dB. 
On  Ihe  other  hand,  aa  expected,  ASEA  always  predicts 
acGurmely  provided  we  ate  willing  to  calculate  to  a  high 
enough  level  number.  For  a  chain  of  rods  driven  at  one 
end  the  rule  of  convergence  appears  to  be  that  the  ASEA 
level  number  should  be  at  least  the  rod  number  minus 
two.  This  is  not  so  surprising  a  result  since  such  a  level 
number  ensures  a  direct  coupling  exist  in  the  ASEA 
model  b^ween  the  drive  rod  and  the  response  rod.  The 
convergence  of  ASEA  Is  no;  necessarily  monotonic  with 
level  number  as  can  be  seen  in  Figure  4  where  ASEA, 
gives  a  slightly  belter  result  than  ASEA^. 

9  CX)NCLUSIONS 

A  high  frequency  theory  ( ASEA )  has  been  presented 
whi^  takes  accoum  of  the  mechanism  of  tunnelling. 
This  mechanism  which  requiiea  ihe  imroduciion  of 
coupling  between  SEA  subHiystems  that  are  physically 
separate  Is  modelled  by  creating  a  new  set  of  basic 
ASEA  equatkaiB  and  dividing  the  energy  of  a  sub-system 
into  cne^  that  is  fleely  available  for  transibr  to  other 
subsystems  and  energy  that  is  fixed  within  the 
subsystem. 

These  equations  are  preoented  and  an  attempt  has  been 


made  to  give  their  component  parts  physical  meaning. 
The  calculation  procedure  is  presented  for  modelling 
either  a  general  beam  network  or  a  general  (date 
network.  ASEA  is  interpreted  as  a  series  of  mathematical 
models,  the  first  of  which  is  identical  to  standard  SEA 
and  subsequent  higher  order  models  are  convergent  on 
the  desired  result. 

Using  a  structural  assembly  of  six  rods  as  an  example, 
ASEA  is  shown  to  converge  onto  the  exact  results  whilst 
SEA  is  shown  to  over|)redict  by  up  to  60  dB. 
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Figure  1  Response  of  rod  3 


Figure3  Response  of  rod  5  Figured  Response  of  rod  6 


where  - _  ^ 

Is  the  ASEA,  (■  SEA )  prediction. 

is  the  ASEA,  prediction, 
is  the  ASEA}  pr^Uction, 
is  the  ASEAi  prediction 
and  _  is  the  ASEA«  prediction. 
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I.  SUMMARY 

In  order  to  investigate  the  conirihulion  of  individual 
suua'es  and  suua'e  transmission  paths,  a  method 
referred  to  as  "Transfer  Path  Analysis"  has  Iven 
developed.  Its  formulation  to  address  slruclurc-home 
noi.se  problems  is  outlined  in  detail  and  illustrated  with 
an  example  from  the  car  industry.  Current  research  in 
this  context  is  hriefly  iwiewed.  including  the  case  of 
recipr«iiy  ia'hnit|ues  and  the  air-home  noise  problem. 

1  PREFACE 

The  optimisaiian  with  respect  lu  interior  notse  is 
cuircntiy  a  loptc  of  great  concern  frt  the  automotive 
industry.  An  essenty  etement  in  this  priKCss  »  to 
obtain  a  correct  understanding  of  the  vanous  noise 
xuurces  which  are  present,  and  of  the  ways  in  which 
these  sources  are  propagated  to  the  critical  receiver 
kicaiions. 

Whereas  the  physical  nature  of  the  important  now 
generating  sources  are  m  general  well-known  and 
mberent  m  the  vehicle  operation  ipower  tram  now  and 
vihraiian  or  wheel/iroad  mteracimn  m  cars,  propelkr  or 
fan  now.  turhulent  byct  miw  ui  aircraft.  ..  i.  the 
correct  «|uaniifkaiton  of  these  wnttve  strengths,  and  the 
ipuntilkatioa  of  the  partial  cuntiihulnin  of  each  of  thewe 
sources  to  the  overall  now  level  are  in  general  not 
availahle. 

To  address  this  proMeni.  a  methmMogy.  refcited  to  as 
Ttansler  Path  Analysix.  has  been  ifcveinpcd  and 
investigated,  vrhicb  aims  preciuHy  at  the  estaMishment 
of  both  ly-pcs  i4  data:  individual  vnurce  Urengihs  and  a 
partial  now  contrihulioa  analysts  |l.3l  .ho  far.  the 
method  has  Ks'n  applied  primarily  to  the  analysis  ol 
iMwluie-biime  now  problems,  where  vibraiing  wurce 
suhsiructures  are  ciumccted  to  the  mam  vihnvacoustw 
system  by  means  of  mourns  Eaen  of  the  mounu 
taclnally  each  dnection  at  each  mourn  localnuit  then 
defines  a  nansmission  pnh.  Typical  examples  are 
engine  vthralions  liansfetfed  thrxiugh  engine  nr  po* ,« 
tram  mounu.  and  cot  toad  vihraiions  uansmukd 
through  Hopensiou  moumv  A  wheniaiK  lepncseutatiou 
of  the  sinKlure-bume  sound  paths  of  engine.  wheeK. 


.steering  system  and  exhaust  of  a  passenger  car  is  shown 
in  Tiguic  I. 

Hereto  in-operaiioii  (on  the  road,  in  Hight)  measured 
vibration  and  pre.vsurc  response  data  are  combined  with 
bhoraiivy  measurements  of  freituency  response 
functions.  FriMn  ihcse  data,  the  operational  forces  at 
each  of  the  mounts  arc  estimated  and  the  partial 
pies.sure  tor  vibration),  caused  by  each  of  the 
liansmissuin  paths  is  calculated  as  a  (unction  of 
lrci)uency.  The  complexily  of  this  analysis  is  to  a  Urge 
extern  dominated  by  ihe  dimension  of  ihe  vihro-ocousiic 
operaiionai  response.  The  actual  procedures,  both  for 
Ihe  single  soua-e  and  ihe  mulilvariaie  muse  pnihicm. 
are  discussed  in  more  detail  m  the  scclkuis  helow. 

The  rtsulls  obtained  by  such  a  itansmivsHMi  path 
analysis  are  lypkally  used  in  timiblcshiuMmg  ano 
pniMype  rerincmcni.  h>  idemify  critical  mounu  and 
dominant  sources  and  In  mvesiigaie  the  mnuemre  of  the 
vihnxiciiosiic  ssvicm  characicttsius  on  the  perceived 
muse  U.  It 

Current  research  (iwiises  on  valnlaiing  the  atcurw  y  of 
this  apprtsoch  li«  the  udutam  of  imtusuvil  pniblemv. 
and  on  cxiendmg  it  to  iUher  piobirm  areas 

One  of  the  nuHt  imponani  accuracy  ckmeniv  u  the 
correct  nlcniiliialion  i4  the  nperoilng  lorcev  into  the 
mounix.  which  rcipmex  cniical  lauiv  mvervion 
procedures  H.h.ui 

The  extenviimx  irwludr  Ihe  use  f4  reetpiwily  wehnnpMx 
m  measure  the  vdiro-amustic  FRPs  |h.7jl|.  the 
(.aaMifkalion  id  a«  home  wmrer  conmhulimM  |4|,  the 
liamfer  t4  struciute-bonic  v-und  through  anmcvird 
suhsirariucrs  1 12. 1  <1  and  the  physical  mietpretaiion  (4 
Ihe  uansmixsnm  pah  phemsmena  1 10. 11) 

Aiwa,  the  appIkaNtly  of  ihe  meOutdolisgy  lo  derive  the 
optimal  cxudiguraiion  <4  an  atiw  now  contnd  xysmo 
ttsMg  vihraiian  reducinw  at  the  mount  hwaiiMH  n  a 
k^nc  of  lewraich  |5|. 
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3.  SINGLE  SOURCE  TRANSMISSION  PATH 
ANALYSIS 

When  considering  nr/mih  diffcrcni  possible 
transmission  paths  over  which  energy  coming  from  a 
single  reference  source,  can  be  transmitted  into  the  car 
body,  the  total  operational  pressure  p  at  a  given  target 
location  in  the  cavity  can  he  written  m  a  summed 
contribution  of  the  "partiaT  pressures  p^.  related  to 
each  given  transmission  path  i  .  The  determination  of 
thc.se  partial  pressures  is  based  upon  the  combination  of 
an  estimate  of  the  operational  force  fj  in  the  given 
transmission  path,  together  with  the  mechanic- 
acoustical  transfer  function  between  the  target  pressure 
response  and  a  force  applied  at  the  body  side  of  the 
considered  transmission  path  ^  . 

nrptVh  ( ] ) 

/'=  L  A 
1=1 


It  is  sufficient  to  take  into  account  a  number  of 
responses  equal  to  the  number  of  forces  that  has  to  be 
estimated  (n  =  m).  but  by  taking  into  account  more 
rcspr^nscs  (m>n).  the  set  of  equations  is  over- 
determined,  and  better  force  estimates  will  be  obtained 
in  a  least  squares  sense.  The  inversion  is  based  upon 
singular  value  decomposition  algorithms,  which  allow 
to  artificially  increase  the  conditioning  of  the  inversion 
|.S|. 

4.  MULTIPLE  REFERENCE  TRANSMISSION 
PATH  ANALYSIS 


or 


In  practice,  the  noise  transfer  functions  arc  mca-sured 
after  disassembling  the  source  from  the  car  body. 

It  is  difficult  to  obtain  direct  measurements  of  the 
operating  forces.  The  comptex  dynamic  stiffness 
technique  is  one  methodology  to  obtain  these 
opcrationiil  foices.  Ttiey  are  calculated  based  upon  the 
following  relation: 

/,  = 

with  K  the  measured  complex  dyniunic  sliffiK'ss  of  the 
mounting  elements  (ohiaini.'d  in  ^  diavlitHis)  us  a 
function  of  frequency:  -  r*., Ihe  relative 

operational  displacement  over  the  mount.  This 
methodology  is  quite  straightforward  but  ikK's  require 
the  (tedious)  chiiracterisation  of  the  mounting  elements 
in  special  lest  set-ups. 


For  a  multi-.source  problem  as  for  instance  a  roao  .loisc 
problem.  Ihe  previous  approach  is  nut  valid.  Therefore 
the  transmission  path  analysis  is  preceded  by  a  principal 
component  decomposition  in  which  the  multi-reference 
problem  is  split  up  into  several  orthogonal  single 
reference  problems.  Each  oi'  lhc.se  individual  problems 
arc  then  tackled  with  the  previous  single  reference 
approach.  The  total  ennirihulion  of  a  single 
transmission  path  to  the  overall  noise  level  Is  then 
calculated  a.s  the  RMS  summaiion  of  each  of  the 
individual  principal  component  contributions  |2|. 

Practically  spoken,  during  the  road  tests,  a  set  of 
reference  accelerometers  is  chosen  that  serve  as  phase 
references  f«»  all  other  measurement  kKutiuns.  Cn>ss- 
powers  are  calculated  between  all  measured 
acceleraiitms  and  this  reference  set  of  accclcrttmcten. 
The  reference  signals  are  in  general  partially  correlated 
to  each  other,  and  by  a  principal  component 
dc'coniprxsition  t>f  this  refereiH'e  set,  an  unetimlatcd 
oOhttgonal  refereiK'e  vector  set  is  ohtmni'd,  to  which  all 
other  resprm.sc's  at  Ihe  "slave"  measurement  locations  arc 
related,  represented  by  a  set  of  single  reference  cross- 
powers.  Let  .1,  deiHite  Ihe  reference  signals  and  llie 
other  mca.suremeni  locations,  then; 


An  uliernalivc  technique  is  based  upon  the  mea.surement 
of  Ihe  impedance  matrix,  containing  FRFs  hciween 
accelerations  measured  at  the  hidy  side  of  all  paths  and 
forces.  applicHl  at  all  ptiths.  By  inverting  this  matrix,  and 
multiplying  it  with  Ihe  vector  of  the  correspiHiding  body 
side  o|H.'raiioiiul  acceleralions.  csitmaies  ot  Ihe 
operational  forces  are  oblaincsi. 


i\.i « ii'^r  '•'* 
l-V.)  "  (-V:.)|l^l 

[.V„]  being  the  reference  autopower  matrix.  (-V,-,,}  the 
tdiagiMial)  autopower  matrix  of  the  principal 
components.  and|.V,,  ]  and  (.V„  ]  the  cnisx-power 

matrices  with  references,  or  principal  comiaments, 
respectively.  This  is  sclKmatically  shown  in  Figure  2. 
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A  clear  phase  relationship  exists  between  all  response 
locations  and  each  principal  component.  These  single 
reference  cross-powers  can  he  weighted  with  the 
autopower  of  the  principal  component,  resulting  in  so 
called  "virtual”  spectra.  With  these  spectra,  specified  at 
all  response  locations  of  interest,  a  single  reference 
transmission  path  analysis  can  he  carried  out  for  each 
principal  component.  Combining  all  the  results  in  an 
RMS  way  results  in  an  estimate  of  the  overall  pressure. 

Let  nrpea  be  the  number  of  significant  principal 
componenLs,  then  for  each  principal  component  j .  one 
can  write: 


whereas  for  each  transmission  path  i  ; 


transfer  function  measurements.  Another  advantage  is 
that  a  large  number  of  transfer  functions  can  be 
measured  simultaneously  to  several  mountings  in  ail 
directions. 

A  basic  requirement  for  reciprocity  is  linearity.  The 
sound  field  in  the  cavity  is  usually  found  to  be  linear  in 
the  range  of  sound  pressures  during  operation  and 
transfer  function  measurements.  Yet.  the  linearity  of  the 
structure  (cabin,  body  or  chassis)  is  less  evident,  and 
non-linear  stiffness  effects  and  friction  damping  can 
cause  deviations. 

This  can  he  critical  since  linearisation  around  normal 
working  conditions  will  not  take  place.  The  velocity 
amplitudes  in  the  cavity  and  in  the  structure  will  differ 
even  more  from  normal  operation  during  reciprocal  FRF 
measurement  than  during  the  cla.ssicul  direct 
measurement. 


Kfptli 

=  I 
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This  is  indicated  in  figure  .V  Assessing  the  influence  ol 
one  transmission  path,  an  RMS  summation  mu.st  he 
carried  out  for  the  partial  prc.s.sure  results  in  isie 
transmission  path,  over  all  principal  ctMnponenls. 

S.  DSK  OF  MKCHANICAl.-ACOUSTIC 
RKClPROCITY 


Fortunately  it  is  found  in  measurements  that  the 
linearity  of  direct  and  reciprocal  FRF  measurement  is 
acceptable  m  general.  Figure  4  shows  typical  direct  FRF 
mea.suremenls  on  a  car  Nxly/cavity  system  over  a  30  dB 
excitation  range.  The  deviation  of  the  peak  values 
remains  less  than  .t  dB  between  30  and  .300  Hz.  For  the 
mea.suremenis  performed  with  acoustical  (reciprocal) 
excilatioii.  the  linearity  is  even  better,  us  cun  he  seen  in 
figure  3.  Further  investigation  has  confinned  Ihut  the 
linearity  deviations  are  mainly  of  a  structural  nature. 


It  can  be  interesting  to  use  an  alternative  approach  for 
the  measurements  of  mechunicul'Ucou.s|ic  transfer 
fuik'tions:  recipriK'ul  measurements. 

The  response  of  structures  and  sound  fieWs  can  Iv 
reciprocal.  This  basically  means  that  the  same  relations 
between  input  and  output  quantities  are  measured  when 
the  excitation  energy  is  bniught  into  the  system  at  the 
output  side.  In  literature,  several  applications  of 
reciprocal  measurements  on  a  wide  range  of 
nmstructions.  from  productHm  machinery  to  aiKnifl. 
have  been  reported  |t.7|.  Fur  mechanicai-aruu.stic 
transfer  function  measurements  on  car  Nxlies.  truck 
cabins,  etc.,  the  folkiwing  relatntn  is  used: 


The  next  imporiuiit  requirement  concerns  the  conditions 
given  in  equation  (V).  In  a  direct  measurement,  the 
volimic  velocity  ut  the  receiving  microphomrs  should 
a|iproximaie  zero.  This  conditiim  is  easily  met  by  all 
modem  cmiden.ser  mkrophiKies.  The  sc'cond  condiiion 
that  the  force  at  tlie  mountings  .should  approximate  zero 
is  equally  neces.siu>  for  reciprtK'nl  and  direct 
mea.suremeni.s.  lliis  conditiiMi  i4.s  mure  serious 
consequences.  It  means  that  the  mountings  should  he 
de<oupied  during  the  measurements,  and.  os  a  result,  a 
cumbersome  dismounting  of  tlie  drive-line  and  wheel 
suspensions  is  iwces.sary. 

In  practice,  it  is  in  some  cases  pos.sible  to  mea.sure  with 
attached  mountings.  The  mountings  must  then  be 
relatively  ciimpliunt.  like  rubber  bushing  and  clastic 
couplings.  If  the  mounting  remains  couplol.  the 
lolktwing  conditHw  should  be  met: 


Qt  being  the  volume  vehwiiy  at  nucruphunc  location  lu'  (S/\  ***** 

.*  if  \  /ffl) 

i  Jond  •  the  reciprocal  quantity.  "*• 


The  system  is  excited  by  on  ocoustu  wiunrc  in  the  cabin 
and  'he  rcspnmrs  ate  measured  as  accelersations  at  the 
mountings.  The  practical  advantage  of  this  approach  is 
thar  the  accelerometers  at  the  mountings  for  the 
operational  mciMiiemenis  con  again  hr  used  for  the 


A  typical  example  ol  a  comparison  between  direct  and 
reciprocal  measurements  in  a  car  is  given  in  figure  ft.  It 
shows  agreements  belter  than  t  dB  Ivtwecn  40  and  400 
liz.  The  differences  below  30  Hz  seem  to  he  related  to 
the  limited  linearity.  The  agreement  hccumes  better 
when  the  direci  mca.survment  at  very  low  furee  is  used. 


'^4 
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The  diffcn  nces  at  higher  frequencies  are  more  related  to 
the  accuracy  of  direct  force  measurements. 

6.  AIR  BORNE  SOURCE  QUANTIFICATION 


most  probably  the  only  way  to  proceed,  at  least  for  the 
structural  behaviour,  for  high  modal  density  in  this 
frequency  range  renders  the  idcntirication  of  a  valid 
experimental  modal  analysis  model  nearly  impossible. 


When  considering  the  relevance  of  the  procedure 
discuicsed  above  to  study  structure-borne  noise 
transmission  paths,  it  is  currently  being  inve.stigatcd 
how  the  method  can  be  applied  or  adapted  to  quantify 
acoustic  sources  and  air-borne  transmission  paths. 


The  required  data  arc  now  the  acoustic  .source  strengths, 
chara.  terised  by  their  volume  velocities,  in  normal 
operation,  and  the  acoustic  frequency  response  functions 
relating  local  volume  velocities  at  the  source  location  to 
the  sound  pressures  at  the  target  receiving  microphones. 


firputh  nrpdih 
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Nevertheless,  the  explanation  why  a  certain 
transmission  path  is  important  in  a  specific  frequency 
region  would  in  principle  require  the  correlation  of  the 
operational  data  with  a  modal  system  model.  To 
overcome  this  problem,  alternative  methods,  directly 
based  on  the  decomposition  of  FRF  measurements  in 
their  principal  components  (“principal  field  shape.s”) 
have  been  investigated  and  proven  to  yield  u.scful  results 
in  practical  cases  1 10. 1 1 1. 

The  same  issue  of  not  having  a  valid  modal  model  in  the 
frequency  range  of  interest  also  arises  when  design 
modifications  are  to  he  evaluated  to  reduce  the 
contribution  of  a  specific  tninsmission  path  by 
minlifying  the  vihro-acoustic  transfer  characteristics. 


In  principle,  the  latter  FRF  data  can  he  obtained  by 
replacing  the  sources  with  loudspeakers.  However,  in 
many  cases,  such  as  the  one  where  the  ticouslic  .soua'c  is 
spatially  distributed,  and  due  to  a  complex  radiation 
surface  (e.g.  an  engine  block  or  exhaust,  or  a  tyre),  this 
is  impractical  to  do. 

A  far  moa'  versatile  and  pract'cal  meihtxl  of 
measurement  is  agiiin  based  on  the  iipplication  of 
axipriK-ity.  Hereto,  a  sound  souae  is  pkiced  at  the 
targeted  reveiver  ItKation  (e.g.  the  position  of  the  head 
of  a  pus.sengcr  in  the  vehicle,  or  an  exterior  micaiphone 
used  to  quantify  the  radiated  noise),  and  sound  pri'ssures 
can  he  measured  in  a  fine  grid  irnmnd  the  radiating 
.surftiees  (tyres,  engines,  exhaust. ...). 

As  fur  us  the  souae  strengths  aa*  considered,  it  is 
uswtlly  vuiaally  impossible  to  measure  them  dia'ctly  in 
operation,  and  current  investigations  |U1  are  performed 
tw  how  Itx'al  pressures  measured  near  the  souae*  can  he 
used  in  comhinalnin  with  recipaxal  FRF  measua'ments. 
The  re-ctunbinaiion  of  souae  strengths  and  FRFs  into 
partial  pressure  asponses  can  then  he  done  in  a 
vectorial  way  at  lower  frequencies  or  powc'r-only  (third 
ixtave  for  example)  way  at  higher  frequeixics.  A 
schematic  overvxw  of  the  measuameni  of  the 
transmission  path  FRFs  for  a  truck  engine  towards  an 
exterior  ISO  microphiNie  is  givcui  in  figure  7. 

The  conc*sponding  derivatnui  ol  souae  strengths  fnun 
ixar  lield  acoustic  pressure  measurements  and 
acipnxal  FRFs  is  given  in  ligoa  K,  Results  naasuatl 
on  engine  mexk-ups  oa  discussed  in  |d|. 

7.  IMPFilMNUE  MOI>F;i.l.lN(i 

The  methods  discussed  ahove  alt  have  in  comimm  that 
the  actual  vihro-ocousta  sysic*m  under  study  is 
charxierised  hy  FKFs.  In  the  higher  faquency  ranges 
whea  the  acoustic  phemimena  aa  of  alevatxe.  this  is 


To  overcome  this  problem,  design  optimisaiiun  methods 
for  structural  modification  and  substructure  coupling  are 
investigated,  which  make  use  of  FRF  data  only  1 1 2.  B  |. 

This  is  es.sentiul  when  e.g.  the  transmission  of  vibrations 
between  stiffly  connected  substructures  is  to  he 
evaluated.  An  example  of  such  an  application  in  the 
area  of  sptice  microgravity  cxiK'riment  .set-ups  is  shown 
in  figure  *). 

H.  CA,SK  STUDY 
8.1  Test  Uas* 

The  structural  transmission  of  road  vihratiiws  to  noise 
inside  a  car  have  been  investigated  in  the  etwtext  of  the 
dc'vetopnxnt  of  an  ixlive  road  nui.se  cuntnil  system  hy 
vihralion  control  at  the  suspension  cor  body  ctmncctions 
|.^|.  Sevc'ral  methods  to  determine  the  opcraliomil  forces 
were  investigated. 

8.2RniKl  Mmuttrenirnts 

SialitMiary  condition  road  tests  included  body  and 
.suspension  side  accelemlion  measurements  at  all 
considered  transmissitm  paths,  together  with  pressure 
measurements  at  4  kxatnms  in  the  cavity.  Additional 
acceleraticw  measurements  were  performed  on  the  cor 
body.  In  total  Ul  transmission  p.*ih.s  are  considered  fnim 
the  suspension  into  the  cor  hcaly  10  cunneeiion  points 
(rear  axle,  rear  shtxk  absorber.  2  fiunt  suspension 
conneeiHin  kxatiims.  front  shtxk  ahsorher).  this  in  .1 
directums.  Six  reference  acceleration  positnms  were 
chosen  based  upon  multiple  coherence  analysis.  Cniss- 
power  averaging  with  respect  to  these  reference 
occclerjtMins  was  dune,  based  upon  some  .RW  averages. 

The  set  ut  6  reference  occvlcfometcrs  is  dectunpuoed 
into  IIS  h  principal  or  orthogonal  aunponcnis.  and  the 
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measurements  at  all  measurement  locations  arc 
decomposed  in  this  orthogonal  base.  This  cross-power 
matrix  decomposition  then  results  into  6  .sets  of  single 
reference  ("virtual")  cross-powers,  which  arc  scaled  with 
the  corresponding  principal  component  auto(>ower. 
These  are  the  virtual  spectra,  which  can  be  u.sed  as 
simple  single  reference  (complex)  spectra  in  ail 
measurement  locations.  Figure  10  shows  the  summed 
virtual  spectra  over  all  measurement  points  for  each  of 
the  principal  components.  This  indicates  that  ab<tut  4 
independent  phenomena  are  important  in  this  road  noi,sc 
analysis.  For  further  calculations  all  6  principal 
components  arc  taken  into  account. 

8.3  In-Laboralory  Measurements 

After  disassembling  the  suspension  from  the  car  bixly, 
the  acoustical  frequency  response  functions  at  the  4 
driver  and  passenger  car  locations  arc  metisured-  by 
using  hammer  impact  excitation  at  all  po.ssiblc 
transmission  paths.  At  the  same  time,  the  impedance 
matrix  is  measured,  where  acceleration  measurements 
arc  performed  at  all  transmi.ssion  paths,  and  at  some  .30 
additional  body  side  metisuremcnl  l(x;alion.s.  This  results 
in  an  extensive  database  of  about  2(KX)  FRFs. 
reprc.senting  a  fully  measured  matrix. 

The  mounting  elements  being  disas.sembled  from  the 
suspension  and  the  ettr  Nnly.  have  been  tested  in  a 
separate  measurement  set-up.  The  complex  dymtmic 
stiffness  of  all  mounts  wtis  determined  in  .3  diavtions. 
this  based  upon  sinusoidtil  excitation  with  the  iK'cc.sstiry 
static  pmlotid. 

M.4()pvruiiiinul  Ftirte  Ivslimulfs 

in  order  to  determine  the  operational  forces,  the 
complex  dyitamic  stiffiK'ss  melinxiology  is  used  and 
compared  to  the  impedtince  matrix  inversion  upprotich. 
In  the  complex  dynamic  stifriH'ss  methixktUigy.  («»  each 
mount  and  each  directitw  the  dynamic  mount  stiffness  is 
(complex)  multiplied  with  the  differential  virtual  spectra 
over  that  particular  mount,  and  this  i :  repealed  for  rach 
of  the  b  principal  ctunponenls.  RMS  summalitNi  of  the 
obtained  forces  over  all  principal  components  yields  an 
csiimulc  of  the  liHol  operating  force  in  that  particular 
mount  locatitm.  which  gives  an  indication  for  actuator 
requirements.  Figure  1 1  gives  for  instance  for  the  rear 
mount  the  complex  dynamic  stiffness  together  with  an 
estimate  of  the  operating  force  spectrum  tsquiue  unit  ol 
ptiwer  spectral  density). 

With  the  impedaiK'e  matrix  mversiim  approach,  an 
over-determination  strategy  is  used.  Ilie  matrix 
measuicd  is  of  dimensHm  Mi  30;  .10  foKCs  are  to  tv 
estimated,  and  M  response  Kvaiions  are  considered.  Fur 
each  of  the  b  principal  components,  operational 
acceleration  virtual  spectra  at  the  above  mentioned  M 
body  side  measurement  kvations  ore  available.  This 


rcpreseni.5  an  over-determined  set  of  equations  that  is 
solved  by  a  pseudo  inversion  algorithm  based  upon 
.singular  value  decomposition.  Figure  12  shows  the 
condition  number  of  the  69x30  FRF  matrix  as  a  function 
of  frequency.  This  reveals  that  in  this  particular  case  the 
condition  does  not  pose  any  problem  for  the  inversion, 
this  in  contrast  with  other  applications  published 
elsewhere  14],  In  this  case,  the  measurements  are 
characterised  by  high  damping  and  high  modal 
coupling,  and  do  not  seem  to  pose  any  problems  in 
terms  of  conditioning.  In  order  to  assess  the  importance 
of  the  over-determination  in  the  set  of  equations,  also  a 
30x30  inversion  Ls  carried  out,  with  only  responses 
taken  into  account  at  all  lociitions  where  the  forces  are 
to  be  estimated. 

Figure  13  shows  a  comparison  of  the  three  strategics  for 
the  rirsi  principal  component  for  one  particular  mount 
location  in  the  front  suspension.  This  particular  mount 
is  very  stiff  compared  to  other  mounts  in  the  front 
.suspension.  Clearly  the  69x30  inversion  gives  similar 
amplitude  result.^  as  compared  to  the  30x30  inversion, 
and  to  the  complex  dynamic  sliffnc.ss  method.  Phase 
c.stimatcs  are  much  Ic.ss  matching.  Figure  14  .shows  the 
same  type  of  results  for  a  mount  with  a  much  lower 
complex  dyiiiunic  stiffness.  This  figure  shows  that  for  a 
mount  with  lower  stiffiv.ss  the  results  of  the  inversion 
methixlology  are  deviating  from  the  results  of  the 
complex  dynamic  stiffness.  But  it  is  also  clear  that  the 
over-determined  inversion  gives  results  that  arc  closer  to 
the  complex  dynamic  stiffness  results  than  the  non-over- 
deiermined  inversion.  The  reason  why  the  low  level 
forces,  e.siimaied  with  the  inversion  methixl  arc  higher 
than  the  hiw  level  forces  estimated  with  the  complex 
dynamic  stiffivss  method  is  still  under  investigation.  It 
is  clear  that  bias  errors  dominate  the  problem.  mo.st 
prtibahly  due  to  bus  errors  inuoduced  in  the  impedance 
matrix.  There  exi.sts  an  indication  this  is  due  to  the 
quality  of  the  FRF  mensurements.  based  upon  hummer 
impact  excitation.  The  directiim  of  impact  is  mq  always 
easy  to  ctmtrol,  certainly  not  in  a  practical  set-up  on  a 
cor.  This  inuoduces  important  "virtual"  crtxss-coupling 
in  the  matrix  at  a  given  respon.se  ItK'alion. 

Even  though  for  the  highest  forces  both  meih«id.s  give 
reasonable  corre.spoiulence  in  the  estimates,  the 
tipemiional  forces  obtained  by  the  complex  stiffness 
method  ore  uscxl  for  further  calculations. 

8,5TninsmMan  Path  Aiulyxia  Rcsullx 

The  calculations  for  the  tnmsmissitm  path  analysis  ore 
hosed  upon  the  forivs  estimated  with  the  complex 
dynamic  stiffneis  mcthtid.  and  upetn  the  measured 
mechantc-ocxHistical  transfer  functions.  The  operatiunal 
force  spectra  fur  each  principal  component  ate 
conihincsl  with  the  corresponding  mechanic-acoustical 
transfer  functions,  resulting  in  estimates  of  the  partial 
pressure,  allocated  to  each  of  the  given  transmission 
paths,  for  each  principal  component. 
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By  RMS  summation  over  all  6  principal  components  of 
the  partial  pressures  obtained  in  each  of  the 
transmission  paths  considered,  amplitude  estimates  can 
be  obtained  for  the  total  partial  pressure,  that  can  be 
attributed  to  a  specific  transmission  path.  By  then 
combining  all  partial  pressures  over  all  transmission 
paths,  an  estimate  of  the  total  operational  pressure  can 
be  obtained.  This  estimate  can  then  be  compared  to  the 
total  measured  operational  pressure. 

Figure  15  shows  the  transmission  path  analysis  results 
at  the  drivers  ear  for  a  typical  transmission  path  in  the 
rear  suspension.  The  upper  curves  give  the  calculated 
total  as  well  as  measured  total  operational  pressure 
(measurement  results  of  two  different  runs).  It  is  clear 
that  very  good  approximations  are  obtained  of  the  total 
operational  pressure  with  the  analysis  method.  The 
lower  curves  represent  the  contribution  of  a  specific 
mount  in  the  rear  suspension  to  the  total  pressure  in  the 
cavity,  in  3  directions.  This  particular  path  is  for 
instance  dominant  for  the  noise  in  the  frequency  bonds 
up  to  1.50  Hz.  with  clear  booming  effects.  Figure  16  then 
shows  results  for  another  transmission  path  in  the  rear 
suspension,  of  which  the  effect  on  the  interior  noise 
level  is  negligible  as  compared  to  the  previous. 

As  such  a  quaniiDeution  of  the  noise  contributions  of  all 
the  different  paths  to  the  total  operational  prcs.\urc  can 
be  made.  This  quantification  allows  to  rank  the  different 
paths  in  terms  of  their  imporltuicc  for  the  interior  noi.se 
problem.  This  ranking  can  he  used  fur  the  selection  of 
the  number  and  the  locution  of  needed  actuators,  in 
order  to  come  to  an  as  cd'cctive  as  possible  noise 
reduction  in  the  cor  interior. 

9.  CONCLUSION 

A  mellHidokigy  to  analyse  noi.se  and  vibration  problems 
in  terms  of  individual  souree  and  transmission  path 
contributions  was  presc'iitcd.  Its  applicability  has  Iven 
proven  so  fur  in  several  automotive  applications,  with 
coherent  as  well  us  multiviiriate  noise  sources. 

The  scope  of  applkations  not  tally  cuvcni  the  original 
engine  and  rtiod  noise  problems,  where  vibrations 
transmitted  through  imitated  mounts  are  causing  the 
noise.  Possible  applications  are  also  situated  in  air<humc 
noise  problems  with  distnbulcd  sources  along  radiating 
surfaces  (e.g.  lyre  noise,  air-home  engine  noise,  aircraft 
turbulent  laver  noise),  as  well  as  in  applications  where 
sliflly  ctMinecicsl  suNructures  ore  transmitting 
vibrations  from  taie  to  the  other  le.g.  machinery  in  a 
production  environment,  precision  insirumentulion  set¬ 
ups,  os  in  space  micnigravity  experiments,  etc.). 
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Figure  1  Structure-borne  sound  paths  in  a  car 
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Figure  2  Decomposition  of  multi-reference  problem  into  set  of  single  reference  problems 
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Figures  Scfiemetie  presentation  of  multirelerence  transmission  path  analysis 
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Figure  A  FRF  linearity  with  direct  (structural) 
excitation 
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Figure  5  FRF  linearity  with  reciprocal  excitation 


Figure  7  Reciprocal  FRF  measurement  to  ISO 
microphone 
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Figure  8  Source  characterisation 


Figures  Comparison  of  direct  and  redproc^ 
measurements 


24-10 


Figure  9  Equipment/base  substructures  in  a  space 
microgravity  experiment  set  up 


Figure  10  Decomposition  in  6  principal 
components  (8  mechanical  relerenees)  :  summed 
virtual  spectra  ol  accelerations  measured  during 
the  road  tests  lor  each  principal  component 


Figure  It  Rear  suspension  mount  :  measured 
complex  dynamic  stillness  and  eshmaled 
operational  lorce  spectral  density  (at  constant 
speed) 


Figure  12  CondHion  number  of  89x30  impedance 
matrix  (M  Une):  edect  on  eondHion  number  by 
omMing  one  siniarlar  value  at  the  time  (eonseeulhn 
Unas) 
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Figure  13  Estimate  of  operatiotia/  force  (first 
principal  component)  at  a  path  characterised  by  a 
high  dynamic  stiffness  ;  comparison  of  complex 
dynamic  stiffness  method  (dotted  line)  with 
impedance  matrix  inversion  method  (69x30 
(dashed  line);  30x30  (full  line)) 
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Figure  14  Estimate  of  operational  force  (first 
principal  component)  at  a  path  characterised  by  a 
low  dynamic  stiffness  :  comparison  of  complex 
dynamic  stiffness  method  (dotted  line)  with 
impedance  matrix  inversion  method  (69x30 
(dashed  line):  30x30  (full  line) 


Figure  15  Transmission  path  analysis  results :  total 
measured  arrd  calculate  operational  pressure  at 
drivers  seat;  partial  contribution  of  important 
transmission  path  in  rear  suspension 
(full:  x-direction,  dashed:  y,  dotted:  z) 


Figure  16  Transmission  path  analysis  results  :  total 
measured  and  calculate  operational  pressure  at 
drivers  seat:  partial  contribution  of  less  important 
h'ansmission  path  in  rear  suspension 
(full:  x-direction,  dashed:  y,  dotted:  z) 
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Abstract 

Irr^xjlsive  forces  applied  to  an  aircraft 
fuselage  generate  radial  vtiration  waves  in  the 
stnxrture  analogous  to  those  In  a  classical  thin  shell.  It 
has  been  found  that  these  waves  are  detected  by  the 
cockpit  area  micraphone.  and  that  spectrogram 
analysis  of  the  microphone  recording  can  provide 
inlormalion  on  the  nature,  origin  and  strength  of  the 
source,  whether  an  explosion  or  a  sudden 
decompression. 


INTRODUCTION 

In-flight  accidenis  of  aircraft  are  often  difficull 
to  diagnose.  The  breakup  of  an  aircraft  at  high 
altitude  creates  a  widely  dispersed  wreckage  trail,  and 
dispersal  of  such  a  trail  in  deep  ocean  can  further  limit 
the  arrwunt  of  significant  debris  which  can  be 
recovered.  For  example,  undersea  debris  search  is 
still  continuing  at  the  site  of  the  Air  India  disaster 
which  occurred  in  1 985.  However  the  aircraft's  flight 
recorders  are  relatively  easy  to  recover,  using  their 
radio  or  sonar  transponders.  This  paper  describes  a 
new  method  of  analyzing  the  cockpit  area 
microphone  (CAM)  record  from  the  cockpit  voice 
recorder  (CVR)  which  yields  the  following  inlormalion: 

-  The  cause  of  the  disaster  is  clearly  distinguished  as 
either  a  stnictural  failure  or  an  explosive  detonation 
("bomb"). 

-  The  causal  event  is  located  along  the  fuselage  to  an 
accuracy  of  1  to  2  metres. 

-  The  event  is  also  located  as  occurring  in  the 
passenger  or  cargo  space. 

-  Information  is  available  from  the  analysis  which,  with 
further  experience,  should  yield  the  size  of  the 
explosive  charge  and  the  size  of  any  fuselage 
perforation. 

Alt  this  information  Is  derived  from  a  spectrogram  of 


the  impulsive  sound  of  the  event,  heard  by  the  CAM. 
It  is  found  that  this  sound  is  In  fact  a  transduced 
version  of  the  radial  vibrations  of  the  fuselage.  The 
spectrogram  presentation  -  a  ’a-D"  graph  of  signal 
strength  vs  both  time  and  frequency,  somewhat  like  a 
contour  map,  reveals  the  successive  passages  ol 
these  dispersive  vibration  waves  past  the  CAM. 
Pattern  analysis  ol  the  waves  provides  the  Information 
mentioned  above. 

TYPCAL  CAM  RECORDINGS 


The  lime  traces  ol  lour  events  "heard"  by  the 
CAM  are  shown  In  Figs.  1  and  2.  The  voltage  scales 
and  lime  origins  are  arbitrary.  Only  one  can  be 
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FIG.  1  b:  Expanded  record,  slarl  ol  event  1 
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FIG.  1  c:  Voltage  -  Time  record  of  event  2 

identified  at  present,  because  ol  continuing  litigalion 
surrounding  the  events.  All  have  a  certain  family 


I’resatleil  a!  a  Symposium  on  ‘Impact  of  Acoustic  htads  nn  Aircraft  Sliiicliires'  held  in  Lillehammer,  Noruav.  Mav  1994. 
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resennblance.  Each  begins  with  a  lew  cycles  ol  almost 
pure  sinusoid  al  a  frequency  between  450  and  700 
Hz,  depending  on  aircraft  ty^  and  llighi  altitude.  (It 
was  these  sinusoids  which  led  the  writer  to  realize  that 
these  were  vibration  signatures;  not  airborne  sound 
signals).  The  records  then  show  a  sudden  transition 


0  20  40  60  too  200  300 

Time,  mlllileeondf 


FIG,  2a:  Voltage  -  Time  record  of  event  3 


FIG.  2b;  Voltage  -  Time  record  of  event  4 
to  much  more  complex  waveforms,  which  then  die 
away  in  about  400  ms  unless  shortened  by  power  or 
signal  loss.  Event  1  ends  with  a  damped  sinusoid 
typical  ol  signal  disconnect  (rom  the  CVR  •  probably 
by  in-flight  breakup.  Event  4  terminates  very  quickly  • 
probably  because  of  disruption  ol  power  supply  to 
the  CAM  and/or  CVR.  Event  3  is  a  succession  of 
several  distinct  impulsive  events. 

The  signal-to-noise  voltage  ratios  ol  the 
signatures  vary  between  7.5:t  and  12:1.  However 
the  voltage  histories  are  strongly  influenced  by  the 
CAM/CVR  aulomatic  gain  control  (AGC)  which  has 
about  35  ms.  response  time  on  signal  increase  and 
about  70  ms.  on  decrease.Past  attempts  to  interpret 
these  records  have  been  hampered  by  failure  to 
recognize  AGC  action,  and  by  the  assumption  that 
the  microphone  was  detecting  aiCborne  rather  than 
slnjcture -borne  sound.  The  latter  merits  some 
explanation.  The  CAM  is  attached  to  the  fuselage  just 
above  the  pilots'  heads.  If  that  part  ol  the  fuselage 
vibrates,  It  radiates  sound  like  a  loudspeaker,  and  this 
is  heard  by  the  microphone.  Also  the  microphone 
itself  may  be  shaken  by  the  vibration,  and  this 
movement  creates  alternating  pressures  on  its 
diaphragm  which  are  also  heard.  The  microphone  is 
in  fact  a  very  sensitive  detector,  able  to  pick  up 
vibrations  from  a  hand-slap  on  the  fuselage  which  is 
otherwise  scarcely  audible.  Indeed,  there  have  been 
cases  ol  perforating  bomb  explosions  aft  ol  the  wing, 
and  ol  multiple  lire  bursts,  which  were  not  heard  by 
the  aircrew.  When  one  considers  the  tortuous  path 
that  must  be  taken  by  an  explosive  blast/sound  wave 
from,  say,  the  all  cargo  to  the  cockpK,  this  Is  hardly 
surprising.  The  final  proof  ol  the  vibratory  source  ol 
the  microphone  signal  is  that  It  travels  from  the  source 


al  observed  speeds  between  three  and  eight  times 
Ihe  speed  ol  sound  in  air,  and  these  speeds  have 
been  experimentally  conlimted  by  test  explosions  on 
board  (unoccupledi)  aircraft.  Fuselage  vlbrattons  are 
thus  Ihe  first  messengers  of  a  remote  event. 

FUSELAGE  VIBRATION  MODES  AND  THEIR 
PROPAGATION 

Classical  cylindrical  shell  theory  provides  a  - 
useful  qualitative  understanding  ol  the  various  rnodes 
ol  radial  vibration  which  may  be  excited  by  a  localized 
zone  of  under  -  or  overpressure.  They  are 
characterized  by  Integral  numbers,  n,  ol  sine  waves 
around  Ihe  circumference  and  sine  waves  of  any 
wavelength  along  the  length.  The  lower  modes, 
having  n  ■  0, 2,  and  3  are  the  most  commonly 
observed,  since  they  couple  best  to  a  distributed 
pressure  zone.  Figure  3  shows  typical  group 
velocities  ol  the  n  «  2, 3, 4  modes,  based  on  typical 
aircraft  dimenstons.  The  n  •  0  or  ring  mode  is  a 
special  case,  in  that  H  propagates  at  only  one 
frequency,  by  coupling  with  axial  vibration  waves.  Its 
group  velocity  Is  well  above  that  of  the  other  low-n 
modes,  and  H  Is  the  probable  source  ol  the  Initial 
sinusoids  In  the  CAM  recordings.  The  effect  ol  Ihe 
floor  Is  to  raise  frequencies,  and  to  divide  each  mode 
into  a  symmetric  arid  an  asymmetric  version,  with 
slightly  different  propagation  speeds  at  any 
frequency.  The  two  ring  rtxxJes  diller  in  their  phase 
relation  between  outward  and  inward  motion  above 
and  below  the  floor,  and  it  appears  that  Ihe  anti-phase 
variant  is  the  one  usually  excited. 


FIG.  3;  Transit  times  of  various  modes 
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SPECTROGRAMS  OF  CAM  RECORDINGS 
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FiG.  4:  Spectrogram  of  Event  4 


The  spectrogram  ol  event  4,  an  explosion 
event,  is  shown  in  Figure  4"  (a  coloured  version  Is 
on  page  26-6).  At  first  It  appears  to  bear  no 
resemblance  to  the  theory  of  Figure  3,  but  in  tact  a 
series  ol  major  and  minor  peaks  can  be  discerned, 
about  six  per  wave,  which  define  the  successive 
passages  of  the  waves  of  two  “n"  modes  past  the 
CAM.  The  wave  contours  after  the  earliest  one 
represent  repeated  reflection  from  the  ends  of  the 
aircraft,  and  their  curvature  gradually  Increases  as  the 
slow-travelling  components  fall  Increasingly  behind 
the  fastest  components. 

The  spectrogram  can  be  formed  in  various 
ways,  but  the  most  successful  to  date  has  been  to 
perform  a  Fourier  transform  on  successive  <;0-ms. 
Hanning-windowed  time  samples,  overlapped  10  ms. 
Production  ol  the  spectrogram  from  those  repeated 
spectra  was  done  manually  lor  those  shown;  It  has 
now  been  mechanized  a  minicomputer. 


INTERPRETATION  OF  THE  DATA 

THE  INITIAL  SINUSOIDS  -  The  positive-pressure 
diredion  of  the  CAM  record  can  be  kJeniilied  by 
analyzing  the  vowels  of  any  speech  present  on  the 
recording,  from  which  the  positive-going  breath 
impulses  ol  the  larynx  can  be  recovered.  The  initial 
pressure  change,  or  phase,  of  the  first  sinewave  at 
the  CAM  Is  related  to  the  direction  ol  initial  motion  - 
outward  or  inward  •  at  the  source.  For  example,  a 
decompression  In  the  passenger  space  decreases 
fuselage  radius  above  the  floor,  and  this  inward 
motion  will  be  transduced  as  a  positive-going  initial 
pressure  excursion  at  the  CAM.  One  can  identify 

•Only  one  specitogram  Is  shown  In  the  written  paper, 
because  ol  the  diflicully  of  reproduction.  Others  will 
be  shown  in  colour  during  the  verbal  presentation. 


Frequency  of  wave  nose.  Hz 


which  variant  of  the  ring  rrxxle  is  oeing  observed  by 
Its  frequency,  and  It  is  usually  the  antisymmetric  one. 
Tbis  means  that  an  explosion  In  the  cargo  space 
below  the  floor  win  also  give  a  posllve  CAM 
excursion.  It  Is  not  possible  to  sort  out,  from  this 
datum  alone,  which  event  occurred. 

FREQUENCY  TRENDS  OF  THE  SPECTROGRAM  -  It 
win  be  noted  that  the  locus  of  first  anivats  of  the 
successive  waves  In  Figure  4  rises  in  frequency;  In 
other  lengthier  spectrograms  n  then  falls.  This  Is 
directly  related  to  the  Internal  pressure  within  the 
fuselage,  since  the  frequency  of  the  waves,  or  of  the 
contours  of  Figure  3,  depends  directly  on  the 
pressure  difference  across  the  skin.  A  localized  zone 
of  pressure  increase  or  decrease  likewise  translates 
into  a  frequency  Increase  or  decrease.  In  the  event  of 
Figure  4,  the  fuselage  Inttially  suffered  a  rapid  rise  in 
pressure,  clearly  Indicating  the  detonation  of  an 
explosive  device.  The  subsequent  fall  of  frequency, 
hence  pressure,  present  In  other  bomb 
spectrograms.  Indicates  fuselage  perforation  and 
pressurization  loss.  Spectrograms  of  structural 
failures  causing  decompression  are  marked  by  a 
monotonic  fall  In  frequency  right  from  the  start,  with 
no  Initial  rise.  Both  these  trends  are  shown  in  Figure 
5  lor  three  'bombs*  and  two  decompressions.  The 
two  types  of  event  are  clearly  distinguishable. 


FIG.  5:  Spectrogram  frequency  shifts  for 
various  events 

Note  that  the  pressurefrequency 
relationship  is  the  same  lor  events  either  below  or 
above  the  floor.  Thus  this  evidence,  combined  with 
the  Initial  phase  of  the  ring  mode  sinusoids,  allows  us 
to  locate  the  event  above  or  below  the  floor,  ft 
remains  to  detennine  its  fore  and  aft  pos'rtion. 

WAVE  SPACINGS  AND  CURVATURE  -  Ilfwhen  the 
propagation  speeds  of  the  various  vibration  modes 
become  known  by  experiment,  then  the  curvature  of 
the  first  wave  arrival  contour  would  indicate  the 
distance  to  the  source  (it  began  as  a  straight  vertical 
line).  However,  in  the  absence  of  measured  speeds, 
the  axial  location  of  the  source  can  still  bo  determined 
from  the  time-spacing  of  the  successive  reflections. 


For  example,  the  time  between  first  and  second 
contours  te  the  time  taken  by  the  waves  to  propagate 
lo  the  rear,  then  reflect  foiward  to  the  source  point. 
The  time  between  first  and  third  waves  Is  that  of  a  full 
round  trip.  The  ratio  of  the  two  limes  Is  thus  the 
fractional  distance  of  the  event  forward  ol  the  rear  of 
the  aircraft.  Corrections  mu^  be  applied  for  wave 
speedup  In  the  nose  and  tail  tapers,  and  In  the  stiff 
wing  box  area,  and  the  time  ratios  must  be  measured 
repeatedly  from  various  parts  of  the  spectrogram  and 
averaged,  to  eliminate  wave  contour  position  errors. 
When  this  is  done,  the  event  can  be  located  fore-and- 
aft  to  a  precision  ol  less  than  one  metre. 

The  techniques  described  above  have  now 
been  applied  lo  five  aircraft  disasters  -  three  “bombs' 
and  two  explosive  decompressions,  and  the  analyses 
have  always  agreed  with  known  data,  or  In  one  case, 
with  the  results  ol  other  lines  ol  investigation.  A 
series  ol  nine  test  explosions  aboard  a  Boeing  707 
aircraft,  using  accelerometers  and  pressure  sensors, 
have  confirmed  the  maximum  propagation  speeds  ol 
fuselage  vibration  observed  during  the  disaster 
analyses.  It  is  intended  lo  apply  to  these  records  the 
new  computer  programs  for  spectrogram  generation, 
lo  obtain  further  information  on  propagation  speeds 
ol  all  the  modal  frequency  components. 

FUTURE  DEVELOPMENTS 

A  new  algorithm  lor  spectrogram  generation  - 
the  WIgner  distribution  (2),  Is  being  examined  with  a 
view  to  improving  spectrogram  readability.  The 
spectrogram  method  is  being  combined  with  the  'In- 
btasf  computer  model  (4)  to  pemiK  estimations  ol  the 
size  ol  the  explosive  charge  (lor  bomb  events), 
and/or  the  size  ol  fuselage  perforation.  It  is  intended 
to  apply  the  method  to  events  originating  in  a  wing, 
for  which  the  vibration  wave  pattern  Is  more 
complicated. 

It  is  to  be  hoped  that  the  next  generation  of 
CAMS  and  CVRs  will  retain,  and  possibly  enhance, 
the  ability  lo  use  cockpit  microphone  records  for 
vibration  spectrogram  analysis. 

CONCLUSIONS 

1 .  The  CAM  recording  of  an  aircraft  which  is 
subjected  to  the  impulsive  forces  of  a 
decompression  or  an  explosion,  contains 
structure-borne  sound  signatures  associated 
with  the  radial  vibration  of  the  fuselage. 

2 .  These  radial  vibrations  may  be  non-dispersive 
(ring  mode)  or  dispersive  (other  modes). 

3 .  Anaiysis  ol  the  recording  in  the  form  of  a 
spectrogram  of  amplitude  versus  both 
frequency  and  time  reveals  repeated  wave 
passages  up  and  down  the  aircraft  at  speeds 
from  three  lo  eight  times  the  speed  of 
airixme  sound. 

4 .  Analysis  ol  frecpjency  trends  and  lime 
spacing  ol  the  waves  provides  extensive 
information  on  the  nature,  origin,  strength 
and  effects  ol  the  event  which  caused  them. 
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ADDENDUM 


IdentiflcatioD  of  “Bvents** 


Event  Description 

1.  Air  India  Boeing  747  fit.  183  lost  west  of  Ireland  June  3.  1985  -  bomb. 

2.  Briefcase  bomb  aboard  a  Boeing  727-200  on  flight  i<ome  -  Athens.  March  1986. 

3.  (Nameless!)  Afl  pressure  bulkhead  failure. 

4.  Pan  Am  Boeing  747  fit.  103  lost  over  Lockerbie.  Scotland.  December  21.  1988  - 
bomb. 

5.  MaC'D.  DC  10  (Turkish)  rear  cargo  door  loss  near  Paris  France.  March  3.  1974. 
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